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TN THE UNITED STATES PATENT AND TRADEMARK OFFTCE 



PATENT 



In re Application of: 
M. Bristow et al. 



Group Art Unit: 



1632 



Serial No.: 09/558,472 



Examiner: 



Shukla, Ram R. 



Filed: April 25, 2000 



Atty. Dkt. No.: 



MYOG:004USD1/SLH 



For: DIAGNOSIS AND TREATMENT OF 
MYOCARDIAL FAILURE 



APPEAL BRIEF 



Mail Stop Appeal Brief - Patents 
Commissioner for Patents 
P.O. Box 1450 

Alexandria, VA 22313-01450 
Dear Sir: 

This brief is filed (original and one copy) in response to the Final Office Action, mailed 
March 19, 2004, and the Advisory Action mailed on July 9, 2004, regarding the above-captioned 
application. This brief is due on October 12, 2004 (since October 1 1, 2004 is a federal holiday), 
by virtue of the Notice of Appeal received by the PTO August 11, 2004. The fees for the brief 
are enclosed; however, should any other fees be due, or should appellants' check be missing, the 
Commissioner is authorized to deduct said fees from Fulbright & Jaworski L.L.P. Account No.: 
55-1212/MYOG:004USDl/SLH. Please date stamp and return the attached postcard as evidence 
of receipt. 
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L Real Party In Interest 

The real parties in interest are the assignee, University Technology Corporation, 
University of Colorado and the licensee, Myogen, Inc. 

IL Related Appeals and Interferences 

There are no related appeals or interferences. 

III. Status of the Claims 

Claims 1-26 were filed with the application. Claims 1-22, and 24-26 have been canceled. 
Thus, claim 23 is pending, stands rejected, and is appealed. A copy of the pending claim is 
attached, 

IV. Status of the Amendments 

All amendments have been registered and examined. 

V. Summary of the Claimed Subject Matter 

The present invention is drawn to a method of treating myocardial failure in a human 
comprising administering an effective amount of a transgene encoding for a-MHC, wherein 
expression of a -MHC provides improvement in left ventricular ejection fraction. Specification at 
page 4, lines 23-27, and pages 10-13. 

VI. Grounds of Rejection to be Reviewed on Appeal 

Is claim 23 enabled under 35 U.S.C. §112, first paragraph? 
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VIL Argument 



A. Summary 

The rejection under 35 U.S.C. §112, fist paragraph, is based on the premise that the 
specification is defective in providing an adequate basis for teaching or providing guidance with 
respect to hov^ to dehver a-MHC via a transgene, that the specification exemplifies a transgenic 
animal that fails to extrapolate to treating a human with a transgene, and that the specification 
fails to provide guidance for what specific levels of a-MHC would be therapeutic. 

However, the rejection is not founded upon a proper understanding of the science, nor 
does the examiner appear to understand the relevance of the last reference supplied by appellants 
(abstract from the lab of Jeffrey Robbins). Transgenic models, especially the rabbit model used 
by Robbins, are not only instructive, but they can be fashioned to mimic the human state, and 
thus are highly informative and give more than adequate guidance for treating the human 
disease. The Robbins reference, coupled with what is now known about a-MHC, shows very 
specifically what levels of a-MHC would be cardioprotective. 

Finally, the references supplied by appellants clearly show that at the time of filing 
delivery of genes directly to the heart, a method disclosed in the specification, was not only 
possible, it was considered practicable. The enablement rejection is therefore improper because 
the specification, coupled with references filed both before and after filing, is sufficient to supply 
"suitable proofs" as required by law that the invention is indeed enabled. 

B. Standard of Review 

Findings of fact and conclusions of law by the U.S. Patent and Trademark Office must be 
made in accordance with the Administrative Procedure Act, 5 U.S.C. §706(A), (E), 1994. 
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Dickinson v. Zurko, 527 U.S. 150, 158 (1999). Moreover, the Federal Circuit has held that 
findings of fact by the Board of Patent Appeals and Interferences must be supported by 
"substantial evidence" within the record. In re Gartside, 203 F.3d 1305, 1315 (Fed. Cir. 2000). 
In In re Gartside, the Federal Circuit stated that "the 'substantial evidence' standard asks 
whether a reasonable fact finder could have arrived at the agency's decision." Id. at 1312. 
Accordingly, it necessarily follows that an Examiner's position on Appeal must be supported by 
"substantial evidence" within the record in order to be upheld by the Board of Patent Appeals 
and Interferences. 

C Rejection Under 35 U.S. C §112, First Paragraph 

Claim 23 stands rejected as lacking an enabling disclosure in the specification. 
According to the examiner, the specification is defective in (a) failing to provide an adequate 
basis for predicting that an increase in a-MHC transcripts would benefit subjects having 
myocardial failure, (b) failing to provide correlation of a-MHC transgene expression in vivo with 
therapeutic benefit, (c) failing to teach or provide guidance with respect to specific levels of a- 
MHC that would be therapeutic, and (d) failing to teach or provide guidance for delivery of the 
a-MHC transgene to the heart. Appellants have provided extensive responses to the examiner's 
concerns, and for the most part, the examiner has simply "reiterated" the PTO's previous 
positions. Therefore, appellants appeal the examiner's final position. 

In their last response, appellants directed the examiner to the enclosed poster abstract 
from the lab of Jeffrey Robbins, Ph.D., presented at the Keystone Meeting on "Biology of 
Cardiac Disease" held on March 7, 2004. This data evolved from Robbins' findings on the 
rabbit heart model presented in James et al,, JMCC 34, 873-882 (2002). As shown in this 
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abstract, directly supporting the inventor's paradigm and abrogating the examiner's concerns 
regarding this invention, addition of a-MHC transcripts via a transgenic approach strengthens 
the heart and renders it resistant to tachycardia-induced cardiomyopathy. Robbins' study is 
highly applicable to the human setting because Robbins took advantage of the fact that the rabbit 
heart is constituted much like the human heart, expressing low levels of a-MHC when healthy, 
and then expressing virtually no a-MHC when the heart is diseased. In this model, if an increase 
in a-MHC could be shown to be protective, it would be highly predictive for what would be seen 
in the human heart. His abstract provides proof of concept for the rejected claims, showing that 
adding even as little as 10-15% more a-MHC than baseline is protective to the heart. In other 
words, and exactly as claimed by the current inventors, adding an a-MHC transgene causes an 
increase in LVEF directly related to the additional a-MHC expressed in heart tissue. 

The examiner found this data to be inconclusive, focusing on the fact that the animal used 
was a transgenic animal. The examiner's concerns exhibit a failure to understand the technology 
at hand. The a-MHC promoter is only expressed in the heart. Therefore, whether or not the 
gene is present in every cell in the body is completely irrelevant. This particular model is a 
perfect representative model for the human disease because the gene is expressed where an 
exogenous transgene would be expressed, it is expressed in a measurable amount which provides 
guidance on a therapeutic level to clinicians, and it is the exact same gene that would be used in 
the claimed method. Thus, the examiner's concerns about the use of a transgene are clearly out 
of touch with the actual science being used and cannot stand up in the face of a true 
understanding of the relevance of the Robbins data. 

While the Robbins data alone should be sufficient to overcome the examiner's concerns 
and enable this claim, appellants will address the other issues raised by the examiner's earlier 
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rejections. Appellants have previously supplied the examiner with a variety of references 
regarding gene therapy (see response mailed May 19, 2004), but the examiner has focused 
almost exclusively on the Jones reference, arguing it was not dispositive. The final rejection 
ignored the numerous other references supplied (and again referenced below) by appellants 
regarding the enablement of cardiac gene therapy, and in the examiner's most recent 
communication (dated July 9, 2004) these references have been found to be ineffectual in 
supporting the method as claimed. In a previous response (dated Sept. 11, 2001), appellants 
provided a number of publications, far more relevant than those cited by the examiner in his 
responses, reporting on the successful transfer of genes into cardiac tissue. Alexander et al, 
Clin, Exp, Pharmacol Physiol, 26:661-668 (1999) reported gene transfer into myocardium 
through direct injection of plasmid DNA and viral transfer. Chien et al, WO/2000/15821 
describe the use of recombinant adenovirus-mediated expression of transgenes in both neonatal 
and mature cardiac tissues. Other papers reporting cardiac transgene expression included 
Davidson et al. Circulation 104:131 (2001), Pachucki et al, Endocrinology 142:13 (2001), 
Shinmura et al, Japan Heart J. 41:633 (2000), Silva et al, FASEB 14:1858 (2000), Lenhart et 
al, Am. 1 Physiol Heart Circ. Physiol 279:H986 (2000), Lazarous et al, Cardiovasc, Res. 
44:294 (1999), and Wickenden etal, Circ. Res. 85:1067 (1999). 

Additionally, the examiner has repeatedly failed to address other references provided by 
appellants that further undercut the examiner's position on enablement. In particular, the 
examiner has failed to convincingly rebut the claims made by Yue, Schroeder, O'Donnell, del 
Monte, and Fromes. Fromes et al, Gene Therapy, 12:683-688 (1999) described the successful 
delivery of a gene to the myocardium by intraperitoneal injection. The Fromes paper states that 
"gene therapy is a potential new strategy for cardiovascular diseases" and adds that "several 
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studies have demonstrated the feasibility of gene transfer into the heart muscle." In addition to 
Fromes, appellants referenced a number of previous articles that demonstrated the potential of 
direct injection of genes into the myocardium {see Lin et al. Circulation, 82:2217-2221 (1990); 
Stratford-Perricaudet et al, J, Clin, Invest., 90:626-630 (1992); Von Harsdorf et al, Circ. Res,, 
72:688-695 (1993); French, Circulation, 90(5) 2414-2424, (1994); Lee et al, J, Thorac. 
Cardiovasc, Surg,, 111:246-252 (1996); Coffin et al. Gene Therapy, 3:560-566 (1996); and 
Kypson et al, 1 Thorac, Surg., 1 15:623-630 (1998)). Fromes, however, constituted an advance 
over those reports in developing a technique for "local delivery of the therapeutic gene into the 
pericardium," demonstrating the successful delivery of a gene to the heart. Fromes' results 
proved that "intra-pericardial injection ... leads to an efficient and safe strategy to deliver a 
transgene to the heart." The successful approach taken by Fromes came on the heels of another 
successful application of cardiovascular gene therapy by Hajjar et al, Proc, Natl Acad. Scl USA, 
95:5251-5256 (1998). Hajjar used a catheter-based technique to successfully alter cardiac 
function in rat hearts. This study was seen as opening the prospect "of using somatic gene 
transfer to modulate overall cardiac funcfion in vivo'' 

Appellants have also discussed how later researchers built on the success seen by both 
Fromes and Hajjar, generating additional data that validated the feasibility and effectiveness of 
cardiovascular gene therapy. Schroeder et al, Transplantation, 70:191-198 (2000) showed that 
addition of anti-CD4 monoclonal antibodies improved gene transfer into rat cardiac grafts. 
O'Donnell et al, Circ. Res., 88:415-421 (2001) showed that sarcoplasmic reticulum (SR) 
ATPase (SERCA), could be expressed in cardiac myocytes, del Monte et al. Circulation, 
104:1424-1429 (2001) also showed effective transfer of and expression of SERCA2a into a rat 
heart through adenoviral gene transfer. Li et al. Gene. Ther,, 21:1807-1813 (2003) showed that 
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an adenoviral associated vector (AAV) could be successfully used to transfer a reporter gene and 
a therapeutic gene into the heart of a hamster. Appellants have pointed to Yue et al , Circulation 
(2003), who went yet a step further and actually treated a cardiovascular disease using an AAV 
vector to deliver a therapeutic gene to the heart of a diseased mouse. Yue not only successfully 
delivered the gene to the heart, but was able to see improvement of cardiovascular function and 
further saw improvement in disease state. Finally, appellants directed the examiner to the 
statements of Poller et al, Z Kardiol., 93(3):171-93 (2004), a recent publication exploring 
cardiac gene therapy approaches. Pollard conclusively states "the important goal of cardiac 
long-term stability of therapeutic vectors has recently been achieved in animal models using 
vectors derived from adeno-associated viruses (AAVs)." 

In his last communication, the examiner argued that the methods disclosed by all these 
papers (an argument made without any direct refutation of the specific references or the 
conclusions made by appellants) could not be used to enable the invention, which is contrary to 
the law and appears to now elevate the rejection to the level of requiring a working model. 
According to MPEP §2164.02 "an applicant need not have actually reduced the invention to 
practice prior to filing." It is important to remember that "because only an enabling disclosure is 
required, appellant need not describe all actual embodiments. The absence of working examples 
will not by itself render the invention non-enabled." MPEP §2164.02. Furthermore, nowhere in 
patent law is it stated that the use of post-filing references is prohibited from enabling a claimed 
method. In fact, such practice is commonplace and accepted, as the "court has approved use of 
later publications as evidence of the state of art existing on the filing date of an application" {In 
re Hogan, 559 F.2d 595 (CCPA, 1977), recently upheld in Plant Genetic Sys, v. Dekalb Genetics 
Corp,, 3X5 F.3d 1335 (Fed. Cir., 2003)). As such, the examiner's assertion that "none of the post 
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filing arts followed the method taught by the specification," is not relevant because the claimed 
method is generic to treating the disease and the methods disclosed by the cited references all fall 
within the body of art claimed by the current invention. Thus, they should satisfy as examples to 
enable the claimed invention. 

Appellants therefore submit that the overwhelming body of evidence in the literature 
supports gene therapy in the heart as an enabled technology and the present record provides 
adequate evidence for the value of a-MHC therapy. In further response to the examiner's 
statement that many of the above-cited references are after the date of filing, appellants cite to In 
re MarzocchU 169 USPQ 370 (CCPA 1971), stating that an enablement rejection "can be 
overcome by suitable proofs indicating that the teaching contained in the specification is truly 
enabling." The cited references, coupled with the new abstract by Robbins, are indeed the 
"suitable proofs" required by the law, and nowhere in the law is it required that these proofs be 
in the evidentiary record prior to the date of filing. 

In sum, appellants submit that the present record provides adequate evidence of the value 
of a-MHC therapy. Therefore, reversal of the rejection is respectfully requested. 
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D. Conclusion 

In light of the foregoing, appellants respectfully submit that all pending claims are 
definite and supported by the application as filed. Therefore, it is respectfully requested that the 
Board reverse each of the pending rejections. 

Respedftillly submitted, 




Stewen^. Highlander 
Reg^m. 37,642 



Fulbright & Jaworski L.L.P. 
600 Congress Ave., Suite 2400 
Austin TX 78701 
512-474-5201 

Date: April 18.2006 
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VIII. Claim Appendix 

1-22. (Canceled) 

23. (Previously presented) A method of treating myocardial failure in a human comprising 
administering an effective amount of a transgene encoding for a-MHC, wherein expression of a- 
MHC provides improvement in left ventricular ejection fraction. 

24-26. (Canceled) 
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Transgenic Rabbits Expressing IVIutant 
Essential Light Chain do not Develop 
Hypertrophic Cardiomyopathy 

Jeanne James, Yan Zhang, Kathy Wright, Sandra Witt, Elizabeth Glascock, 
Hanna Osinska, Raisa Klevitsky, Lisa Martin, Karen Yager, Atsushi Sanbe and 
Jeffrey Robbins 

Children's Hospital Research FoundaUon, CincinnatU Ohio 45229-3039, USA 
(Received 7 February 2002; accepted in revised form 1 1 AprU 2002) 

J. James. Y. Zhang, K. Wright. S. Wnr. R Glascock. H. Osinska. R. Klbvttsky. L. Martin, K. Yager. A. Sanbe and 
J. Robbins. Transgenic Rabbits Expressing Mutant Essential light Qiain do not Develop Hypertrophic Cardiomyo- 
pathy, /oumo/ of Molecular mid CelMar Cardiology (2002) 34, 873—882. Mutations in multiple sarcomeric proteins 
can cause familial hypertrophic cardiomyopathy. Although a Ml 49V mutation in the myosin light chain is 
associated with the human disease, the data from transgenic (TG) mouse models are conflicting. When a human 
genomic fragment containing the Ml 49 V essential myosin light chain was used to generate TG mice, the phenotype 
was recafHtulated. However, when the mouse cDNA containing the mutation was used to generate TG animals, no 
phenotype could be discerned. TG rabbits can be a valuable complement and extension to mouse-based TG models 
and we wished to determine whether expression of this mutati<Hi in the rabbit heart would result in the disease. The 
rabbit essential light chain d>NA was isolated, sequepced, the Ml 49V mutation made and the cDNA placed into the 
/^-myosin heavy chain promoter, which efficiently drives cardiac expression in the rabbit vaitricles. Multiple TG 
rabbit lines showing diflferent levels of protein replacement were obtained No discernible pattern of disease was 
apparent at the structural or functional levds at either the neonatal juvenile or adult stages. We conclude that the 
M149V mutation is not causative for FHC when expressed in the rabbit within the context of the endogenous protein. 

O 2002 Elsevier Science Ltd. AH rights reserved. 

Key Words: IVansgenesis; Myosin; Gene; Muscle; Rabbit 



Introduction 

Manipulating the mouse genome via gene target- 
ing and transgenesis allows one to directly test 
structure— fimctioD and cause-and-effect relation- 
ships in cardiovascular fimction. Although suc- 
cessful TG experiments have been peribrmed in a 
number of small and large anknal species, practic- 
ally, the mouse has been the animal of choice for 
laboratory-based cardiovascular studies. There are 
now literally hvmdreds (rf experiments In which 
cardiac-specific transgenesis has been used to 
establish structure— function relationships between 



the presence/absence of a particular protein (or its 
mutated form) and normal or abnormal function at 
the molecular, cellular and physiological levels.* 

However, the mouse heart is fundamentally 
different from the human heart in terms of its basic 
motor proteins. While the adult mouse ventricle 
expresses the a-myosin heavy chain (MHC) isoform, 
the human ventricle expresses ^-MHC,^ and the 
mouse heart beats ten times as quickly. The 
differences in the molecular motor underscore 
the basic differences between mouse and human, 
and the cardiovascular consequences of directed 
mutations that are placed into the mouse either by 
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transgenesis or gene targeting must be applied with 
caution to large animals or humans. Indeed, recent 
studies with mouse models of familial hypertrophic 
cardiomyopathy (FHC) illustrate both the strengths 
and weaknesses of the mouse models. 

Mutations in sarcomerLc proteins are responsible 
for FHC, with mutations identified in many compo- 
nents of the cardiac sarcomere.* To date, three 
mutations have been identified in the ventricular 
isoform of the essential light chain (ELClv),^ * with 
an unusual phenotype of mid-cavitary otetruction 
and papillary muscle hypertrophy described in 
association with the M149V ELClv mutation.® 
Since ELClv binds to the neck region of myosin 
heavy chain (MHC), changes in ELClv structure 
presumably alter myosin function, and thus sarco^ 
meric function. 

Two mouse models of the Ml 49 V mutation, using 
difllerent TG approaches and possessing divergent 
phenotypes, have been described.^ '^ In the experi- 
ments of Vemuri et a/., the entire human mutant 
genomic DNA locus was expressed in TG mice and 
produced a mouse cardiomyopathy quite similar to 
the human ELClv FHC phenotype. The authors 
postulated that the ELClv mutation resulted in an 
altered stretch-activation response with the end 
effect of reduced oscillatory power leading to hyper- 
trophy.^^ In contrast, the experiments of Sanbe et al, 
employed a mutated mouse cDNA expressed in TG 
mice. Despite riearly complete replacement of 
endogenous mouse ELClv with the connesponding 
mutant protein, the mice did not develop mid- 
cavitary obstruction or hypertrophy.^ One posable 
explanation for the difierent experimental results is 
that the Vemuri phenotype results in part from a 
species "mismatch" of human protein in a mouse 
heart: the ELClv protein sequences differ between 
the two species and the predominant MHC isoform is 
likewise distinct as noted above. 

When compared to the mouse, the rabbit heart is 
more closely related to the human heart at the 
molecular, biochemical and physiological levels and 
can be a useful complement to the mouse TG studies. 
To resolve the mouse data and to test the ability of 
the M 149 V mutation to cause disease in a heart with 
a motor protein conq)lement more similar to the 
human ventricle, we created multiple lines of TG 
rabbits in which varying proportions of the normal 
EIX:i V protein were replaced with the ELClv Ml 49V 
mutation (Ml 54V in the rabbit sequence). Rabbits 
from three independent lines were analyzed at the 
moleciilar, anatomical and functional levels to 
determine the cardiac consequences of mutated 
ELClv expression. Similar to the results of Sanbe 
et ol., no significant hypertrophic or functional 



changes resulted from expression of the Ml 54V 
mutation. 

aC1vM154VTG rabbits 

Rabbits were housed in an AAALAC approved 
facility. All experiments were conducted in accord- 
ance with the Guide for the Care and Use of Laboratory 
Animals and approved by the Institutional Animal 
Care and Use Committee. Rabbit ELClv cDNA was 
cloned using RT-PCR technology. The product was 
completely sequenced and the Ml 54V mutation 
introduced with PCR mutagenesis. A vesicular 
stomatitis virus (VSV) epitope tag (YTDIEMNRLGK) 
was placed at the carboxy terminus proximal to the 
stop codon and the cDNA subcloned into the mouse 
j?-MHCpromoter [Fig. 1(a)]. The VSV epitope tag has 
been used at the carboxy terminus without any 
detectable effects in previous studies.^'* ^ Potential 
founders were screened by genomic Southern ana- 
l3rses and three foimders that transmitted the 
transgene to their offspring were identified. 

Physiologic analyses 

The Fl generation was aged 2—12 months before 
phy^ologic analysis by echocardiography and/or 
5—15 months for cardiac catheteri2ation. After 
shaving the chest, echocardiography was performed 
under ketamine sedation using a Hewlett-Packard 
5 500 Ultrasound System and a 7.5 MHz transducer. 
Contrast echocardiography was performed using 
intravenous Optison (Mallinckrodt). Both two- 
dimensional and M-mode images were recorded on 
videotape and analyzed off line as described.*^ 

Cardiac catheterization was performed after 
initial sedation with intramuscular ketamine fol- 
lowed by isoflurane anesthesia. Femoral access was 
obtained via cutdown and a 4Fr sheath (Cook) 
placed in the artery. A 4Fr pigtail (Cook) was 
advanced into the sheath and positioned in the left 
ventiide. Pressure measurements and the elec- 
trocardiogram were recorded with a Prucka 
Cardio Lab 4.11 physiologic monitoring system 
(GE-Marquette). Contrast angiography was per- 
formed with Optiray 350 (Mallinckrodt) contrast 
diluted 1:1 with normal saline using a Oebel- 
Flarshetm An^omat Illumena IHgital Injection Sys- 
tem (Mallinckrodt). CIneagiography was recorded 
with an OEC Series 9800 Digital Cardiac Imaging 
System (General Electric) in the Idt axial oblique and 
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ucococa 
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CCCCACACa 
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GicfMGca Aocc&oa CMA£cecc« cCTCOfiCAC cceccccnc ccaccrca 
wnjcwa cacouar tAAGAicoc tkaccccm Mourru ttuntAAc 

iUGCCTMA TGUUtCK «T&TCfi*UC TCCCGAfiKC TCCT6CCGBC ACTfiCGCCM 
aiM6A4QC CSUCCMU MftCOCOC KTAACTTU KCAOna OCCTTCaC 

uocwcc* aiKCucA cntcrccM ccGCfccGGC rcnccACAA cgwcgcut 
CTcaccca crcrcGaa U6ScmcA oauccmc tcocuact aTCccoscr 

CAACUTTiC rCUCCACAT UTgCCCAa TGA 



(c) 



AWtUtfU tfMAPCPCR PXtAEHttSK IiaEF7l>CQI CtRtWUf CAtPKCOta 



rrGQCCWlR AUSV^QM VlKVLCOWl E(UeiO«CF {THPMLVU SIMtOTCTn OncajtVfO KECNCn 
r*« -«0»«T*L*** ]>*••••«•«• . 



ticwte HRWUnC CRLTEDEVHC tMUqCDSIIC CINTtAFWf P«IS 

Rot^t — — «*M 



Rgure 1 Comparison of the mouse, rabbit and human ELCIv cDNAs. (a) A schematic diagram of the mutant transgenic 
construct. Solid rectangles indicate the 4 exons of the 5' untranslated sequence, (b) Coding sequence of rabbit HLClv. 
(c) Comparisons of the EIXlv amino add sequences of mouse, rabbit and human. Dashes were inserted in rabbit and 
human sequences to maximi2e alignment The triple line indicates the alanine-proline rich region and the mutated 
methionine is boxed. 



right axial oblique projections. Following the pro- 
cedure, the catheters were withdrawn, the femoral 
artery ligated and the incision closed. The rabbits 
recovered from anesthesia before being returned to 
their cages. 



Protein and RNA analyses 

The rabbits were killed with ketamine and xylazine. 
The hearts were quickly removed and dissected. Left 
and right atria (LA and RA), left and right ventricu- 
lar free wall (LVFW and RVFW), interventricular 
septum (IVS) and anterior and posterior papiUaiy 
muscle (APM and PPM) were weighed. Tissue 
samples were either frozen in liquid nitrogen for 
molecular analyses or processed for light and 
electron microscopy as described. ' ^ RNA expression 
was determined by Northern and RNA blotting 
using RNA isolated from LA, RA. LVFW, RVFW, 
IVS, APM and PPM.'^ Transcript expression was 
normalized to GAPDH expression with the RA and 
LA values averaged for atrial expression and the 
LVFW, RVFW, IVS, APM and PPM values averaged 
for ventricular expression. 

The mutant TG protein was analyzed by subject- 
ing isolated myofibrils (from LA, LVFW, APM and 
PPM) to SDS-PAGE. Protein was quantified by 
Westmi blotting with an anti-ELClv polyclonal 
primary antibody made against an 18-amino 
add epitope (ERPKEAEFDASKIKIEFT), Primary 



antibody was used at a dilution of 1 : 50 000 with 
a horseradish peroxidase conjugated secondary 
antibody. Quantitation was carried out via by 
chemiluminescence (Amersham) detection using a 
STORM 820 (Molecular Dynamics). TG protein 
rq[>lacement was calculated as VSV-tagged ELClv/ 
(VSV-tagged ELClv -h endogenous ELClv) and the 
total level of LV replacement detmnined by aver- 
aging the values for the LVFW, APM, and PPM. 
Statistical significance was determined by unpaired 
Students t-test. 



Results 

The rabbit E.C1v sequence and transgenic 
rBplacement 

A prerequisite for these studies was to obtain the 
rabbit cDNA, as we are reluctant to use cross-species 
contractile proteins in replacement strategy-based 
expa±nents. Multiple cDNA clones were isolated 
and sequenced [Fig. 1(b)]. ELClv is highly conserved 
between the mouse, rat, rabbit and human. The most 
significant difierence lies in the amino-terminus 
where an alanine/proline (A/P)-rich extension in 
smaller mammals becomes progressively shorts as 
spedes sxze increases [Fig. 1(c)]. Although the exact 
function of the A/P-rich region is not known, it 
appears likely that ELClv modulates cross-bridge 
kinetics via this region.^ A VSV epitope tag was 
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added proximal to the stop codon so that TG 
expression could be easily assayed. The DNA was 
then placed into the ^-MHC promoter construct 
[Fig. l(a)I and used to generate TG rabbits.*^'** 
Three founders were obtained and used to establish 
lines 4, 11 and 66. At maturity, lines 4 and 11 
demonstrated approximately 1.2-fold over- 
expression of ELClv and line 66 1,8-fold over- 
expression as compared to nontransgenic (NTG) 
rabbits. Transgene copy number was 2, 7 and 14 
diploid copies for line 4. 11 and 66. respectively 
(data not shown). 

Transgenic protein expression was determined by 
Western blotting. At 6—8 weeks post-birth, line 4 
had 29% replacement of endogenous ELClv with 
ELClv Ml 54V and line 11 had 35% replacement. 
Line 66, the highest expressing line, showed 41% 
replacement (Fig. 2). Ventricular protein levels in 
the juvenile and adult (8—12 month) animals were 
assessed [Fig. 2(b)]. The average level of LV replace- 
ment was 24 ± 5% in line 4, 30 ± 2% in line 1 1 and 
33 ± 5 in line 66 (mean±SD. F<0.05 line 11 vs 
line 4. P < 0.01 line 66 vs line 4; P = NS for line 1 1 vs 



(a) Atr. Vent. 



(b) 




Figure 2 TG protein production, (a) Typical Westan blot 
performed with a polyclonal primary antibody recognizing 
ELCl v in myofibril extracts from the right atrium (RA) left 
atrium (LA), right ventricle (RV) and left ventricle (LV) of a 
5 week old line 66 rabbit (b) Weston blots as in (a) were 
performed on myofibril extracts from all three experi- 
mental lines and the histograms shown fcH* LV samples at 
6—8 weeks (total cdumn height) and at 8—15 months 
(shaded portion). 



line 66). The changes in transgene expression level 
observed over time as the juveniles mature is a 
phenomenon we have observed when using the 
mouse MHC promoters in rabbit and may be caused 
by position dependent effects on mouse promoter 
activity as well as subtle developmental modulation 
ofthepromoter's transcriptionalactivation. ^ ^Clearly 
though, over a long period of time a significant 
portion of the ELClv consists of the mutant TG 
species, 

Morphometric analysts 

To determine if any hypertrophy was taking place, 
the hearts were subjected to morphometric analysis 
after the physiological experiments were completed 
(9—15 months). After dissection, the mass of the 
RVFW. LV (combined LVFW + IVS). APM and PPM 
were determined. No changes in body mass or 
chamber weights could be detected [Figs 3(a). (b)]. 




APM PPM 



Figure 3 TG hearts do not hypertrophy, (a) Comparison 
<^ whole heart R V and LV mass to body mass in the adult, 
1 year old animals, (b) Comparison of anterior and 
posterior papillary musde (APM and PPM. respectively) 
mass to body mass. Data are shown as mean ± SD. Ihere 
were no significant difierences between the NTG and TG 
flnimak in any of the lines. 
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Molecular markers of hypertrophy 

A panel of transcript specific oligonucleotides 
complementary to the rabbit isofonns of a-MHC 
(S'-CAGGCACTCGTGirrATTGCGGGTTAACAAG- 
AGCGGGGTTC). ^-MHC (5'-GCGGA TCAACGO 
GTCACCAGGCTATTCCTCATTCAAGCT), ELCl v 
(5'-CrCTGGCGTGAACTC GATCTTGATCrrGGAG- 
GCGTCGAACTCTGCC), atrial natriuretic factor 
(ANF) (5'-CTCA GATAAGGTGCAGTAACGACTCG- 
ATGCAATGAGATGAGACAAAGTGAC). SERCA2A 
(5 '-AGGTGTGTTGCTAAAAACGCACATGCACGCA- 
ACGGAACACCCTTACACrrCTGCAAAATG). phos- 
pholamban (5'-TGACGTGCTTGTTGAGGCAlTrC- 
AATGGTTGAGGCCCTTCTTATAGCAGAGCGAGT- 
GAGG)/cardiac actin (5 '-GGTGGCTCGGAAGACTC- 
CAAGA AGCATAATACrGTCATCCTGAACAC). 
skeletal actin (5'-GCGAGCAGTGCGTGGGTGTG 
CGGTGGCAGCAGTGGAAGITGT) and glyceralde- 
hyde phosphate dehydrogenase (GAPDH) (S'-CTG- 
AGGGCCTCTCGTCCTCCTCTGGTGCTCTCGCTG) 
were designed based on available GenBank se- 
quences or on sequence obtained in our laboratory. 
After confirming the specificity for detecting their 
cognate sequences by genomic Soiithem analyses* 
the oligonucleotides were used to determine 
whether molecular markers of hjrpertrophy had 
been activated in the TG hearts. We found no signi- 
ficant activation of hypertrophy markers in either 
atria or ventricle of any of the lines in the adult 9—15 
month animals. Specifically, P-MHC, ANF and 
skeletal actin were not up-regulated nor were 
SERCA2A and phospholamban down-regulated in 
the TG rabbits compared to NTG controls (data not 
shown). 




pCa 

Figure 4 Myofibril function. pCa-force relationship of 
skinned ventricular fibers torn Line 66 rabbits and NTG 
littennate controls at 6 weeks of age (n = 3 fcwr each group). 
There was a subtle increase in caldum sensitivity in TG 
fibers. •P< 0,05. 



Skirmed fiber analysis 

To identify any change in myofibril function caused 
by the Ml 54V mutation, skinned fiber analysis was 
performed on samples isolated firom right ventri- 
cular papillary muscles of 6 week old One 66 TG and 
NTG littermates. Percent replacement of endo- 
genous ELClv with the mutant species was con- 
finned by Western blotting. In TG animals, we found 
a very subtle difference calcium sensitivity as 
evidenced by the pCa-force relationship (Fig. 4). 
There were no significant differences in unloaded 
shortening velocity (the "slack test"), maximum 
shortening velocity or maximum relative power 
(data not shown). 



Structural analyses 

Ceirdiac tissue was examined at both the light 
(hematoxylin and eosin and trichrome stains) and 
ultrastructural levels in an attempt to detect any 
morphological changes due to expression of the 
mutated EIjCIv (Fig. 5). Hearts firom adult control 
and line 66 rabbits were assessed in blinded studies. 
Some cellular degeneration was evident in both 
cohorts, which was attributed to the necessary delay 
in fixation secondary to assessment of cardiac 
chamber mass. These changes were most pro- 
nounced at the ultrastructural level but there 
were no detectable differences between the control 
and line 66 rabbits under any staining conditions. 

Furictional analyses 

In order to determine whether any functional 
changes had occurred, the animals were sedated 
with ketamine and examined by transthoracic 
echocardiography. Sixteen rabbits were unaged: 
seven NTG (mean age 3—13 months), four animals 
fi:x>m line 4 (13 months), two anlnuds finom line 11 
(9 months) and three animals firom line 66 
(4.5 months) (Table 1). There were no significant 
differences in interventricular septal thickness, pos- 
tOTor wall thickness, left ventricular end-systolic or 
end-diastolic dimension, shortening firaction, heart 
rate or papillary muscle dimension. None of the TG 
rabbits exhibited LV outflow tract obstruction (data 
not shown). Since FHC is a disease that manifests 
itself with age. 6 rabbits (3 TG and 3 NTG) torn line 
11 and 2 rabbits (1 TG and 1 NTG) line 66 were 
studied at 1 year. No differences were detected. 

Cardiac catheterization was performed in rabbits 
older than six months (Table 2). Five control rabbits. 





Hgure 5 (a) Five /xm section of control rabbit left ventricular free wall with trichrome stain at 200 x magnification taken 
from a 6-nionth animal Bar: 0.5 nun. (b) Comparable field in a line 66 mutant rabbit (c) Electron micrograph of control 
rabbit left ventricular posterior papillary muscle. Ban 0.77 yM, (d) Comparable section frt)m a line 66 mutant rabbit. 



7.5—14.5 months, four animals from line 4, two 
animals from line 1 1 and two animals bora line 66 
were used. There were 2 deaths temporally related to 
the procedm'e. One line 4 TG died from presumed air 
embolism into a coronary artery during catheter 
positioning. In another case, we were unable to 
obtain arterial access in a NTG animal. He recovered 
from anesthesia uneventfully and exhibited normal 
activity the following day but was subsequently 
found with a fractured vertebral column two days 



after the attempted catheterization. This animal was 
euthanized immediately and the heart tissue taken 
for RNA and protein analyses. There were no 
significant differences among the four groups in LV 
systolic pressure, LV end diastolic pressure, aortic 
systolic pressure or aortic diastdic pressure. Inter- 
estingly, every rabbit had a measurable pressure 
gradient between the LV and ascending aorta 
(Z\LV-AAo). Since LV obstruction was not detected 
by I>oppl^ echocardiography in any experimental 
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Table 1 Echocardiographic data 







TVS 


PW 


LVHDD 


LVESD 


SF 


HR 


APM 


PPM 


Control (n 


= 7) 


2.7 ±5 


2.0 ±4 


15.9 ±2.6 


10.2 ±2.2 


35.4 ±8 


256±26 


0.6 ±0.0 


0.63 ±0.1 


line 4 (n = 


= 4) 


2.9 ±1 


1.4 ±8 


14.5 ±1.4 


7.6 ±3.1 


47.5 ±19.9 


233 ±53 


0.55 ±0.1 


0.58 ±.05 


line 11 (n 


= 2) 


2.8 ±4 


1.6±3 


16.2 ±0.7 


11.3 ±0.1 


30 ±4.2 


229 ±25 


0.70 ±0.0 


0.75 ±.07 


line 66 {n 


= 3) 


2.8 ±5 


1.7±4 


16.8 ±1.0 


10.6 ±1.2 


37.3 ±3.5 


212±21 


0.67 ±.01 


0.67±.15 



There were no significant dilTerences in any parameter in any transgenic line vs control TVS — interventricular septal thickness (mm), 
FW = posterior wall thickness (mm). LVEDD=left ventricular end-diastolic dimension (mm), LVESD = left ventricular end-systplic 
dimension (mm), SF = shortening fraction ([LVEDD-LVESD]/LVEDD), HR = heart rate (beats per minute), APM = anterior papillary muscle 
diameter (mm). PPM posterior papillary muscle diameter (mm). 



Table 2 Cardiac catheterization data 







LVSP 


LVEDP 


AAoP 


ALV-AAo 


Control (n - 


= 3} 


100±7 


10±4 


85±5 


15±3 


line 4 (n- 


^3) 


109 ±15 


16±5 


98±16 


11±2 


line 11 (n 


= 2) 


104±25 


14±2 


84±17 


2±6 


line 66 (n 


= 2) 


98±11 


12±1 


81±7 


17±3 



All values are mean ± SD. There were no significant differences 
in any parameter measured. LVSP— left ventricular systolic 
pressure (mmHg), LVEDP = left ventricular end diastolic 
pressure (mmHg), AaoP — ascending aortic systolic pressure 
(mmHg), ALV-AAo = left ventricular-ascending aorta pressure 
difference (mmHg). 




Hgure 6 Still firames torn cineangiography of rabbit left 
ventricle. Images were obtained with the camera hi the left 
axial oblique {n-ojection. The interventricular septum is 
profiled, (a) NTG and (b) line 66 rabbit hearts. 



group, the etiology of the measurable gradient at 
catheterization might be due to partial obstruction of 
a relatively small outflow tract by the catheter. The 
small size of the rabbit heart precluded measuring 
accurate pullback pressures from LV apex-^LV 
outflow tract (subaortic region) AAo, but we 
found no angiographic evidence of mid-cavitary 
obstruction or overt papillary muscle hypertrophy 
in any rabbit studied [Figs 6(a), (b)J, Contractility 



was qualitatively normal by contrast angiography 
and there were no significant differences in +dP/d£ 
or — dP/dt (data not shown). 



Discussion 

While the mouse remains the most widely used 
spedes in transgenic investigations, the rabbit offers 
an experimental model with significant advantages 
for cardiovascular research. Compared to the 
mouse, the larger size and slower heart rate of the 
rabbit is advantageous for physiological analyses 
such as echocardiography and cardiac catheteri- 
zation. The rabbit heart also has a biochemical 
advantage. As in human hearts, the "slow" ^-MHC 
isoform is the predominant heavy chain expressed in 
mature rabbits. Li both species, ELCla is expressed 
in the fetal ventricle with a switch to ELClv after 
birth.^^-^® ELClv has been detected in atria and 
ELCla in ventricle of overloaded human heart, 
although this switch has not been documented in 
overloaded rabbit heart*^*^* Relative to the mouse, 
rabbit and human cardiomyocytes have an 
increased contribution from the sarcolemmal 
Na^/Ca^'^ exchanger for cytosolic Ca^^ removal, 
with a lesser contribution from the SR-Ca^"*"ATPase 
pump. In contrast, the smalls rodent heart relies 
more heavily on SR-Ca^"^ATPase as the primary 
mode of calcium removal.^^ Therefore, in terms of 
modeling hiunan cardiac disease, the rabbit heart 
offers some unique opportunities. 

Direct comparisons of mouse and rabbit pheno- 
types can be made from data obtained in studying 
the human p-MHC FHC mutation R403Q.^*^® Using 
gene targeting, mice were made carrying the 
corresponding mutation in a-MHC (since a-MHC is 
the predominant isoform in the mouse ventricle). 
Mice homozygous for the mutation die in the first 
week of life, and while heterozygotes demonstrate 
some of the features of FHC, the mouse phenotype 
diverges from human disease In several critical 
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aspects including a relatively small increase in 
ventricular mass and a more severe phenotype in 
males, findings not associated with human FHC 
due to the R403Q mutation.^*^^*^^ Using the mouse 
^-MHC promoter, fi-MHC R403Q was expressed in 
transgenic rabbits^® enabling the mutation to be 
placed in the endogenous fi-MHC isoform. Trans- 
genic rabbits with 41% replacement of endogenous 
^-MHC with the mutant protein showed a cardiac 
phenotype very similar to human R403Q disease, 
namely increased cardiac mass, histological evi- 
dence of myocyte disarray and interstitial fibrosis, 
and premature death. This model promises to be a 
valuable resource in the study of FHC and is a prime 
example of the importance of larger animal models 
of human cardiac disease since mice expressing the 
R403Q mutation in the endogenous a-MHC isoform 
do not completely recapitulate the human pheno- 
type resulting from R403Q on an endogenous 
^-MyHC background, as is the case in rabbits and 
humans.^^ 

We decided to model the human M149V ELClv 
mutation in the rabbit Using the mouse ^-MHC 
promoter, we achieved 41% replacement of 
endogenous EtX31v with Ml 54V early in life when 
the heart undergoes significant hypertrophy as 
rabbit body size increases rapidly. It must be noted 
that 41% replacement of endogenous ELClv with a 
spedes-spedfic mutant may not be comparable to 
the 41% replacement of endogenous P-MHC with a 
human transgene achieved by Marian et al}^ 
Etespite rigorous investigation of this model in fully 
mature adults, we could not find any evidence of 
cardiac hypertrophy or any significant cardiac 
pathology even in animals older than 1 year. One 
possible reason for the lack of phenotype is the 
relatively small cohorts available for study, which 
could cause a type n statistical error. It is possible 
that with larger exp^lmental groups, a subtle 
phenotype may have been detected. However, we 
found nothing that even remotely resembled the 
dramatic mld-cavitaiy obstruction phenotype 
described in humans with tihe M149V mutation. 
Additionally, we might find a phenotype if we 
examined older animals. Since rabbits achieve 
sexual maturity at 5 months and generally survive 
5—6 years, the rabbits we studied would be con- 
sidered "young adults'*. Because it is formally 
possible that a phenotype might present if we were 
to examine a geriatric cohort, we are aging a cohort 
of lane 66 TG rabbits for analysis later in life. 
However, if disease were likely to develop, we would 
expect to find some of the hypertrophic markers 
activated in the 12—15 month animals, as these 
markers present well before any overt pathology 



becomes apparent.^ ^ Also, we would expect to find 
some evidence of myofibril dysfunction as the basic 
substrate for eventual hypertrophy. We examined 
skinned fiber kinetics and mechanics to assess for 
any detectable alterations in myofibril function at a 
young age (5 weeks) when cardiac maturation is 
ongoing and transgenic replacement is significant 
(41%). While there was a very subtle increase in 
calciimi sensitivity in TG compared to NTG litt^- 
mates. there was certainly no evidence that the 
Ml 54V mutation induced global changes in myo- 
fibril function that could culminate in cardiac 
dysfunction or hypertrophy. 

The results are consistent with data derived bx>m 
transgenic expression of the comparable mutation in 
the mouse ELClv cDNA. where cohorts were main- 
tained until th^ died of old age.^ Inta-estingly, the 
hearts of these animals had decreased left ventricu- 
lar mass, rather than the expected hypertrophic 
response. TTie results of single motor experiments 
performed in the mutant mice also contradicted 
those derived from experiments on human cardiac 
biopsy material from patients carrying the M149V 
mutation. In vitro motility assays performed with 
mutant human ventricular myosin showed 
increased actin translocation,* but in mutant 
mouse tissue this parameter was unaffected.^ Rec- 
onciliation these data sets with the data pubfished 
by Vemuri et ah is problematic for several reasons, 
the most obvious being Sanbe's use of species specific 
mutant cDNA. as opposed to xeno-expression of a 
mutant genomic locus.**' Regardless, in both the TG 
rabbits and mice that we have analyzed, the isolated 
M149V mutation is not suflBcient to reproduce the 
human phenotype within the context of the 
endogenous EEX^lv protein species. 

This raises the broader question of how and when 
one assigns disease causality to an identified genetic 
defect Koch's postulates, initially applied to the 
pathogenesis of infectious disease, are certainly 
worth con^deration. In this case, the proposed 
causative agent is a mutation in the genomic 
sequence encoding E[JClv, This agent was isolated 
fiom an affected human host, and when deliv^^ 
in the genomic form to a mouse, produced cardiac 
pathology. However, in two separate experimental 
models (FVBN mice and New Zealand White 
rabbits), the mutated coding sequence for ELClv 
did not cause hypertrophic cardiomyopathy, indi- 
cating that the mutation caimot independently 
cause the FHC phenotype unless one invokes a 
specific interaction of the mutated amino add only 
within the context of the endogenous human 
sequence. This remains a formal possibifity 
since both our mouse and rabbit TG studies used 
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spedes-specific clones to avoid the confounding 
factor of functional differences across species. It is 
possible that strain differences could be responsible 
for the disparate phenotjrpes between the two mouse 
models, with C57B/J6 hybrid mice perhaps being 
more susceptible to hypertrophy than FVBN mice. 
Unexpected protein products arising from the 
human genomic sequence are yet another possi- 
bility, hi our experiments, the potential for aberrant 
splicing events in heterologous genomic sequences 
was decreased by the use of cDNA clones. The data 
are therefore consistent with the hypothesis that the 
genesis of cardiac hypertrophy in patients carrying 
the M149V mutation is a more complex pheno- 
menon than just expression of an altered sarcomeric 
protein. Clues to the unusual form of mid-cavitary 
obstruction and papillary muscle hypertrophy seen 
in patients carrying the M149V mutation perhaps 
might be found in equally unusual skeletal muscle 
pathology reminiscent of primary mitochondrial, or 
"ragged red fiber" disease. 
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SUMMARY 

1. Gene transfer into the myocardiuni can be adikvcd 
through direct i^jectloo of pbconid DNA or (hniugh the delivery 
oT viral vectors, either directly or through the coronary vaMruIa- 
furc. Direct DNA injccdon has proven extremely valuable la 
studies aimed at characterizing the activities of promoter ele- 
ments in cardiac tissue and for examining the influence the 
pathophysiological state of the tnyocarduim on expression of 
tranjzferred foreign genes. 

2. Viral vectors, in particular adenovira.ses and adeno- 
assodated vims, are capable of transfectii^ genetic material 
with high transduction efficiencies and have been applied to a 
range of model systems for in pmvo gene transfer. EOidcnt 
gene transfer has been achieved into the coronary vessels and 
surroiioding myocardiam by Ictracoroiiary infusion of 
adenovirus. 

3. Because the immimogenicity of viral vectors can limit 
transgene expressaon* much attention has been paid to strdtegtesc 
for circumventing this, includti^ the development of nevr modi* 
lied adenovirus and adeno-assodated virus vectors that do not 
elicit Mgnificant inflammatory responses; WhHe cellular trans- 
plantation may prove valuable for (he repair of myooirdial tis- 
sue, confimiation of its value avvaits cstabfishmcnt of a functional 
improvement In the myocardium foltovring cell grafting. 

4. Bei:ause gene transfer Into the myocardium cau now be 
achieved with faSgh efficiency tn the absence of stgnificaiit Inflam- 
matory responses, the ability to regulate foreign gene expression 
in response to an endogenous disease phenotypc will ciaablc the 
devefopnient of new effectiye viral vectors with direct dhitcaJ 
applicalHlity for specified therapeutic targets. 

Key words: adcnovirns, animal models of fore^n ^nt 
delivery, gene therapy^ gene trmt^fer, myocardial ischacmla, 
myocardium, viral vectors. 
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INTRODUCTION 

Analyses t>r gene expression and pRimiucr functton in the imact hean 
are now possible through Ihe adveirt of direct injedioo techniques 
to efficiendy deliver pla.smid and viral DNA into the myocardium. 
Tbc:>c Icchiiiquc:^ not ouly allow molecular genetic analyses of gene 
expression under different developmental and diseased stales, but 
have also opened up new pas.sibilities for gene therapy. Cwie tninsftx 
into the hcan and coronary voKcntaturc by direct injection of naked, 
emiilsilied or encapsulated DNA is likely to have clinical as well as 
ntsearch applications in the very near future. 

Injeciton of plasntid DNA, naked or combined with various 
niixlarcs of cationic lipids, has resulted in detectal^Ie levels of foreifin 
gene expression in vivo in both siuclctal and cardiac muscle. Viral 
vectors, in parttailar adenovirus (Ad) and adeno-assoctated virus 
(AAV), traasfeci genetic material with even higher transchiction cfft- 
ctcncics and tlicrc is some debate about which transfer system is 
Che best.'"* We will give an account of the recent advances of gene 
transfer using the different viral and non-viral methods, jllustrating 
(he important features of each approach. The strengths and weak- 
nesses of the cuireul vector systems will be reviewed ami we will 
examine how vectors conid be optimized fr>r long-term gene expres- 
sion. Finally, we will examine the potential for efficient delivery of 
these vectors in the clinical .setting by intravenous injection and 
calfieier-based techniques. 

GENE TRANSFER IN THE MYOCARDIUM: 
DJRKCT DNA INJECTION 

Studies on the regulation of gene expicsidon in the myocardium have 
relied heavily on transfection into priniaiy ceils, in particular neo- 
natal cardiac myocytes and. to a nK>re lintitcd extent, adult myo- 
cytes. There arc still no wcU-defined canHac cell lines, although 
Simian virus 40 (S V40) large T-lransfoimed atrial cells can be pas- 
saged and retain a cardiac plienoiype.'* AdoJt myocytes an: difficuH 
to i.solate and mainfatn in culture for gene expression studies; they 
arc also difficult to iransfcct and tend todetUnfercntiaic in long-tcnn 
culture. While a wealth of infomiaiion has been obtained usuig rat 
neonatal cardiac myocytes, these systems have been criticized for 
being in viifv as well as neonatal and rodent and, therefore, not an 
appropriate model for the ajialysis of heart function, neitl)er diseascsd 
nor developmental. Allhotigh the neonatal rat cardiac myocyte 
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List of abbre^-lations: 



AAV 


Adcnn-a^<;ociAicd vims 


Luc 


Lucifcftisc 


Ad 


Atlenuviruit 


a-MHC 


a-Myosin heavy chain 


IJGal 


Beta gatactosidasc 


MuLV 


Murine leukaemia virus 


cTnC 


Cardiac iroponin C 


p.f.u. 


Ptaquc-tormiog unil 


HKH 


Hypoxiii n!j»-ponse elenwit 


PICT 


PerculiiiMnnis transluminul gene transfer 


nsp 


Tlcot-shock protein 


SV40 


.Shtu«'tn vims 40 


HSV 


Hcqxrs simplex vims 


Tct 


Tetracycline 


HVJ 


Hacmagglutinin virus of Japan 


TGF-P 


Tronsforminj! givwih factor -^. 


kb 


Kilobasc 


VEOF 


Vusculftr ciKtotlteliAl growih factor 


LTR 


Long-lcnniiial repeat. 







models have generaiwl iniponani infm^malion on (he regulation of 
gene expression in cardiac cells, as well as implications for disease 
responses, these results need to be validated in different species iind 
in tbc context of the whole intact heart {in vivo). Cultures of human 
cardiac myocytes are likely (o be important in ihi.^ respect* and the 
recent exploe;ion in trans|:enic mouse studies has certainly featured 
prominently and is likely to continue to do so in the future. In our 
opinion, combinations of The three systems (vims delivery in vim, 
transgenic and direct injection) will most efficiently generate a coni- 
plete molecular and cellular piciuie of heart disease and develop- 
ment. Diiect transfer of DNA into cardiac muscle or vasculature 
currently has advantages over transgenic experiments in being 
cheaper, applicable to large as well us small animals and applicable 
lo a wide range of developmenial as well as disease nx>dels. Also, 
direct transfer of DNA into the adult cai-diovascular system is likely 
to precede germ-line munipuhitions in the conicxl of gene (hciapy. 

In vivo iransfcetion has been cspwxially attractive for the 
myocardium^ in ternrws of the information that could be determined 
about promoter activalion in the whole heart responding to physio- 
logical (and pathophysiologicul) fuiKlion under the influences of 
naturally occurring mechanical and hormonal stimuli. It was first 
shown by Woliff et al? that injecijon of naked plasmid DNA directly 
into skeletal muscle of mice permitted repn)dix;ibie expression and 
high fidelity of the foreign gene's promoter function. Subsequently, 
it was demonstrated that promoter chimeras injected into the heart 
responded appropriately to physiological horruonal stimuli'^ and. 
fuithemiOR^. ihal m-acting eJemejits may act differently in vivo com- 
pared with cell culture models.' 'J"he diiect injection methodology 
combines soiue of the advantages of the in viim iransfetiion 
appro:ich and of the ir^nsgenie muuixs models In its application to 
short-tens analysis of gene regulation. 

Direct DNA injection has been especially vahiable for studies 
directed at characterizing the activities of promoter ctcmenis in 
cardiac ussuc and for examining u^Hnscripiiunol respoiv&es to 
physiolo^cal stimuli J** It was first detrwnstialed by Kitsis e/ aL that 
promoter elements iransfected into the heart by direct DNA injec- 
tion were capable of tissue-specific regulation and could respond 
appropriately to alterations in thyroid honnonc levels in vivo} The 
technique of dircci DNA injection has also been appUe<l to (he 
dianicicrizaljon of the heart-specific activation properties of a 
156 b.p. promoter region located immediately 5* to the trans- 
criptional start site of the slow/cardiac troponin C (c7hQ gene." 
Other cardiac-^wrifiovpromolcr domains fur Ihe gene for the M 
isozyme of oealinc kinase aiKl for a ventricuJar-specific myosin light 
chain lave been similariy characterized hy direa injection of plasmid 
constructs. The method of direct injection may also be useful for 



investigating the effects of specific pathophysiological states on 
cardiac gene expression, such as ischacmia, hypertension and pres- 
sure or volume overioad.'**'^^*^^ 

Many groups have denmnstratcd die expression of naked plasmid 
DNA in the rat heart.*-"**^"* Our laboratory was the first to show 
that the pathophysiological state of the myocardium in vivo could 
dramatically infiueiKetbe expression of transferred foreign genes 
(and vide It^ra), There have been some discrepancies concerning 
reported stability of plasmid-based transgenes in both skeletal and 
cardiac muscle, but it seenus likely that long-term expression of 3 4 
months is quite feasible,^* A gradual decline of transgcne expres- 
sion may be expected due to Ihe episomat localisation of the DNA 
in post-mitolic cardiac and skeletal mascle cells."'** 

The capacity to take up and express plasmid DNA following direct 
injection appears to be quite unique for striated muscle and does 
not occur in other organs at significant levels. 'Fhe reasons for this 
are not clear, hut it has been suggested tliat the cell danoage and 
inflammation caused by the injection needle could mediate geiie 
inuisfer by causing membrane disruplioa*' From electron micro- 
scope studies on injected skeletal muscle, Wolflfr/a/.^^denKmstraied 
that colloidal gold, conjugated to plasmid DNA, cro.iscd the exter- 
nal lamina aixJ ejjtered T tubules and caveolae, while gold conju- 
gated with polylysine, polyethylene glycol or polyglulamale 
remained outside the fibres. These data suggest that DNA entry does 
not occur through transient membrane di.sruprinns and docs not 
appear to result from endocyiosis. Wolff er al. suggest an alterna- 
tive mechanism for DNA uptake by some type of cell membrane 
transponer, in partial lar via photwytosis. Microinjection of plas- 
mid DNA into llie cytoplasm of primary rat myotubes resulted in 
DNA entry into post-mi lode nuclei through the nuclear pore by a 
process common to other laigc karyophlHc macromolecuJcs.^* This 
tutdcrstandtng of plajmnid DNA nuclear entry may provide a basis 
for increasing the cITicieiKy of direct plasmid gene tninsfer into heart 
and skeletal muscle. Directly injeaed plasmid DNA results in higher 
iransfcctioft efficiencies in die myocardium than in skeletal muscle 
when both tissues arc injected with identical plasmid DNA in the 
sanK; manner.* While the reason for this is unclear, it is possible that 
tiilTeiences ij) stmcture of the T tubule system between skelctol and 
cardiac muscle may contribute to the discrepajides in traasfection 
efficiency.^ 

Direct injection of naked plasmid DNA into the tuyocanlium has 
only limited potentsul tis a method forcatdiac gene therapy because 
of the small number of cells per injection that express the transgcne. 
Expression, as detennincd by histochemistry, appears to be local- 
ized kroond the site of injection with as few as i(X>-20p cells express- 
ing the gene product.'^ Several investigators have smdied the 
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parameiers affecting gene expression following direct DNA injec- 
tion. Increasing the ijuniil'ity of DNA uieil for myocardial transfec- 
tion did noi alter levels of foreign gene expression,^- wliercas 
increasing the volume of injcctale, while maintaining a constant 
quantity of DNA (50 p.g in this case) Hppciircil to increase expres- 
sion from a luciferaRc-encoding plasmid. It has been further demon- 
strated that iransfection efficiencies are higher with closed 
cifcwJarized UNA than with linearized DNA,'^ but the total number 
of cxpnsssing cells irmatns small and ibc technique is prubHbly only 
suitable for secreted gene products. 

A critical requirement for gene therapy protocols is the ability to 
achieve control of the forctgn gene expression appropriately in the 
host Fisliman et have developed a letracyline (iel)-n;gulalcd 
gene expression system, based on injection into adult rat hearts of 
aTct-rcpressor VPI6 tramaclivator plasmid with a lucifera.se (luc) 
taiget gene. Using this system it was possible to induce hKifcrasc 
expTes.sion by two orders of mi^nitudc in response to small changes 
in input-controlled tran.sactiva{or DNA, allowing target geneexprej^- 
sion to be induced or repressed by altered antibiotic admtnf.<;trationK. 

Our OW0 studies have demonstrated that ^x^ific promoter ele- 
ments can be used to regulate nansgene expression in response to 
physiological >itre.ss.*^*" In our experiments, wc examined the degree 
or regulation of hypoxia-responsive promoter consimcLs in an 
experimental model of myocaidial isdiaemia with repeifusion. 
Hypoxia is a critical imd obligatory componcjit of ischaemic tissue 
ami solid tun»i>urs, where the hypoxic zone is restricted to the dis- 
eased iis.^ue. It should l>e possible (o tightly regulate transgejie 
expression in these diseased tissues dirough the use of hypoxia as 
un endogenous regulator. To investigate transgene regulauon in 
myocardial ischaemia, wc constructed an expression plasioid con- 
taining multiple copies of a hypoxia response element (HRB) from 
the crychxopoctin gene placed upstream of a minimal a-myosin 
heavy chain (o-MHQ promoter driving a lucifcrasc reporter. In cell 
culture, expression of this test promoter (a-MHC86HRB) was highly 
muscle speciHc and was induced approximately 10-fold by hypoxia. 
In a rabbit nuxiel of 1 5 min myocardial ischaemia followed by reper- 
fiisioD, expression of the constmct was induced by four- to five-fold 
at 1 axid4 h post-ischacmia* returning to basal levels by 8 h.'** These 
results show* for the first time, that it is possible to tightly regtttaie 
a transgene plasmid or virus vector in response to the disease pheoo- 
type and this rcpiresems a signlficam milestone in gene therapy 
research. 



- VECTORS FOR MYOCAIRD!AL GENE 
TRANSFER 

IRctrovSmses 

The retrovirus is a smalt RNA vinis, pac^ged within a glycoprotein 
envelope. The life cycle of the retrovirus is now well characterized.^ 
Following infection into its hi>si, the viral ftNA is reverse-transcribed 
into a double-stranded DNA molecule that then becomes integrated 
into the cellular genome. By exploitation of this stable integration 
into the host genome following infecti(»i. it whs aniicipHtcd thut long- 
term expre^-ion of the iccombinanl gene would be achieved. 
However, as an unexplained loss of exogenous gene expression is 
frequent with retroviral vectont and integration of retroviral 
sequences is dependent on cell division,^ they may prove to be of 
lildc use for the myocardium. Nevertheless, initial expcruncnis with 



retroviral vectors carrying the p-galactosidase (p-g£fO gene showed 
promising rcsulLs using ex vivo methods in heart and skeletal muscle; 
Salvaiori 4^t at. achieved 50% gene transfer efficiency in foetal 
myoblasts and adult satellite cells, which in turn led to expression 
in muscle fibres following in vivo transplantation.^ A similar reux>- 
viras carrying the P-grt/ rcponcr gene was used for infection of 
murine foetal cardiac myocytes in culture, which were then tnins- 
planted into syngeneic adult mice.^^ Histological analysis of the 
grafted hearts indicated expression of the p-gal gene product in the 
transplanted cells for as long as 6 months and revealed an absence 
of intlamniation or scar rissue over this time period/^ Clinit-al use 
of retroviruses as gene therapy vehecles may he limited hy the poten- 
tial for oncogenicity and inscnional mutagenesis. Retroviral proto- 
cols are hIso limited by ilie relatively low viral litres that am be 
obtained and by the limitMl size of foreign sequence il)by can accom- 
modate.^ 

Adenoviruses 

Rcplication-dcficient adenovirus (Ad) are currently among the most 
eHicienl veclors for transferring genes to a wide variety of cell types 
in v/Vo.^' in a comparison of gene transfer u$ing plasniid DNA and 
recombinant Ad fJNA, it was found that the efficiency of transduc- 
tion with Ad was at least an order of magnitude higher than that 
observed with plasmid DNA. tissue penetration was vastly improved 
and transgene expression was proportionately increased.^ Unique 
prt^nies of adenoviral vectors include an exceptionally high effi- 
ciency of infection and the ability to accommodate large fragments 
of foreign DNA (up to 8 kb). Of particular importance for gene trans- 
fer to the myocardium is the property to efficiently infect both pro- 
liferating and lemiinully diflerentiated cells. In contrast with 
retrovirascs. Ad can be prepared at much higher stock concentra- 
tions than retroviruses, with typical tiires of 10" plaque-forming 
units (p.f.u.ymL, 1 0 000-fold higher than equivalent xetroviral tiires, 
Purihermore, the adenoviral genome remains cpisumal, so that the 
potential for oncogenesis rmd insertionaf nmtagenesis is avoided. 

As with all current vectors, there are limitations to die use of the 
Ad. The first-gcncradon of Ad5 vectors has most of the Ad genome 
and expresses muluple Ad proteins, including the pcnton protein, 
which is associated witli cytotoxicity, particularly at a high roulli- 
pliciiy of infection.^ Vims capstd proteins also stimulate a humoral 
response, acdvating neutralizing antibodies, inflammatjon and 
elimination of both Ad vector aud host ccll.-^ Second- and third- 
generation Ad vectors, in which a region of 28 kb sparudng all adeno- 
viral coding sequences has been deleted, have recendy been 
developed to circumvent the inflammatory respoases associated with 
Ad infectioa Such vectors, which require helper viruses for thdr 
genemtjon, can accommodate large DNA fragments eiKoding 
multiple foreign genes 

Adeno-assoda^ vSrall vectors 

Because of the inflairunatory responses associated with infection by 
Ad aiKl other viral vectors, attention has been paid to the potentiai 
for using viruses that are defective in that tf tey express no viral gene.v 
Adcno-associated viriK is an example of such a defective virus, 
devoid of viral genes but capable of pcimiidng foreign genes to be 
packaged into a viral coal.^ This non-palhogcnic human parvovirus 
differs from Ad tn that it generally integrates into a specific site 
in the gctiome of the host cell and may provide for longcr-tcim 
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trans^cne expression, althougli producing sufficiently high Hifcs 
remains a problem. '**^ Direct injection of AAV into ral beans resulted 
in transgene expression 2 months after administration of ihc virus, 
with no detectable inllanimacory response.^ DeJivery of an AAV 
vector into the coronary vasculature of pigs by ptricuiDneoiis intra- 
artcriti) infusion using u routine cui^teier technique resulted ia cxprc*;- 
sion in cardiac myocytes for at least 6 nxtnths after injection, without 
toxicity or inflammation.-^^'^ ^ Because of lis high infcxtivity and 
low iminunogcnicity, AAV gene transfer shows potential ay a higWy 
effective gene iransfcr vcciw for myocardium, in particular as 
mcthodx bcconic available for increasing the yield of vinis^ and 
for increasjjtg tratisduction efficiencies by infecting in the presence 
of Ad gene products/- 

?Ierpcs simplex vims 

The ability of Herpes simplex virus (HSVl) vectors to accommo- 
date very large ftH-eign ON A fragments has rendered iheni attrac- 
tive as a gene transfer system with potential advantages over other 
viral systems. While HSVl has been proposed as a candidate gene 
therapy vector for the nervous systan because of its ability to latently 
infect neurons, it is also capable of infecting a range of other cell 
types where the vector may prove valuable if lytic infection can ho 
inhibited. Coffin et ah achieved successful gene transfer in cardiac 
myocytes and vascular smooth muscle cells in viim using three dif- 
ferent disabled 11.SV vectors, witl> an cfficieocy of transfcction of 
the vascular smooth muscle cells that was less dian that observed 
with myocytes. In the rat heart in vivo, successful tninsfeciion was 
obtained with no apparent change in cellular raorpbology. suggest- 
ing negligible cyU)pathic effects. Mewi et at ased a replication- 
defective HSVl vector carrying tlic geiw encoding the angiogenic 
factor vascular endothelial growtti factor (VEGF) to infect fibroblasts 
in vitro for subsequent transplantation studies. When the infected 
fibroblasts were injected into syiigeneic mice. Iransgcne enprcssion 
wajj found lo be capable of eliciting an angiogenic response-*^ This 
study pointed to the possibility titat a IISV 1 vector could liave poten- 
tial for applicatioits for inducing focal angiogcncsis to ameliorate 
myocardial ischacmia. Because HSVl can transier buge DNA frag- 
mcnhi, such gene ihenipy veaum may be particularly applicable tf» 
myocardial disorders requiring large genomic substitutions or die 
use of extensive genetic control regions. 

Haemag|>l([i2in virus olT Japan 

The haemagglutin vims of Japan (HVJ) is an inactivated paramyxo- 
virus that has been used within a liposome complex that entraps 
UNA. In transfecfions of cardiac myocytes to aillurc, it was shown 
thai 90% transfcction efficiency cxjold be obtained aiKl ihai foreign 
gene expression was detectable over 7 days,'** lutracoronary injec- 
tion of the HVJ/liposome complexes waft also effective for providing 
efficient gene transfer into cardiac myocytes in vivo^ with expres- 
sion lasting for 1 wcek.^' Directly injected HVMipowmc DNA has 
been shown to result in higher reporter gene expression 3 days afler 
udminisiniiion than thai obtained from injection of naked piai^mid 
DNA** Introduction of the HVJ/liposome complex containing a 
p-gaf-encoding vector within the pertcordtum resulted in widespread 
staining of cardiac ih^'ocytcs and fibroblasts. The HVJ-mediated 
gene transfer by direct infusion into the coa>nary artery resulted in 
siatning of cardiac myocytes arr>und tlic miciovasculatufTe.** //t vivo 
intracoronary infusicui of the HVJ/1ipos(»nc complex containiag the 
heat-sliock protein 70 {HSP7€f) gene in rats resulted in enhanced 



tolerance of LattgendoilT perfused hearts to ischaemia-reperfusion 
injury."^ 



MODEL SYSTEMS FOR IN VIVO GENE 
TRANSFER 

!n vivo studies using small aniinal models 

Several groups have assessed the specificity. cfBc-iency and dura- 
tion of Ad-meilicited gene expression in the myocardium 
sStmtford-Perricaudct et ol.^ were the first group to demonstrate 
long-term itt vivo gene transfer throughout nuxisc skeletal and 
cardiac muscles after intravenous administi?ition of a recombinant 
adenovirus (1 X itfp.f.uVinL). It was demonstrated thai approxi- 
mately 0.2% of neonatal cardiomyocytes were transduced at 15 days 
aAer injection of the Ad. Reporter gene expression was found to per- 
sist, but decrea.sed over a period of 12 months. In adult mice, inira- 
venoiis Ad administration resulted in less cflicicnt gene transfer.^ 
Gu/.man «/ aL used a sub-diaphragmatic approach for myocar- 
dial gciw transfer^ rather than the thoracic approach of previous 
studies*-** in order to avoid the high mortality as*sociatcd with intu- 
bation and ventilation. In an unalys Is of myocardial gene transfer 
in (he nit by sub-<!inphragmatic injection of 5 X 1 0* p.f.u. Ad or 
2()0p^ plasm id ONA,"* it was demonstrated that Ad dcKvcjy was 
coa^iiderahly more efficient than plasmid injection. Adenoviral injec- 
tion resulted in signiGcant foreign gene expression in cardiac 
myocytes, with maximal expi-esslon during the first week follow- 
ing injection, decreased traasgene expression at 10-15 days after 
injection and no detectable foreign gene expression at 30 days, lliese 
investigators observed an acute inHammatory response in hearts 
injected with Ad. Because an inflammatory lespoase has al.so been 
mned with plasmid DNA injection/*-'^ the authors suggest the 
inflajmnatofy response may be related to injmy produced by direct 
injection radier than to a stimulation of an immunological response 
to viral gene products. 

In vivo studies using laiirge animals: Reievunce to 
humans 

While many cardiac studies have been caiTied out in small animal 
models that may be itiformativc in terms of cardiac function arxl 
ventricular performance tmder varioiis inotropic and loading con- 
ditions^^-^ il is important to use large animal models with physiol- 
ogy similar to that of a human and for consideration of potential 
applications to human gene therapy protocols. In a pig model, injec- 
tion of replication-deficient recombinant Ad vectors canyin^ dieLwc 
gene resulted in significant reporter gene activity detected at 3 days, 
increasing markedly at 7 days and then declining progressively at 
1 4 and 2 1 days * Comparable levels of foreign gpnc expression were 
found between plasmid and Ad injection but» when compared on a 
molar basis (i.e. when mntnali/jed to the number of genes injected), 
Ad-mediaied gene (transfer wos found to be 140000-fotd more effi- 
cient tlian plasmid delivery, flnjcction of a p-gal-cncoding Ad 
resulted m foreign gene expression that was localized predominantly 
lo cardiac myocytes. The amount of recombinant protein expressed 
correlated closely with the quantity of vims injected in a 100 pi. 
volume; over a range of virus concentrations ranging from 0.7 X 
10* to 3.6 X I0'p.f,uymr.. No detrimental effects un ventricular 
funclion were found, although there was evidence of prunounccd 
leiicocytic inliliratirm in the viniHy infected iiiyocardtimi.** In trying 
to circumvent the imtmine jespon.sc, Kaplrtt ef ni,^ delivered an AAV 
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veclor pcrcutanetiusly by inira-arrcriaJ iiitajsion ipfo the coronary 
vasculature of a pig. Delivery of this vector by a n»utine caiheier 
technique resulted i» tratjsgene expression in cardiac myocytes for 
at least 6 months aftei' injection without toxicity or inflammation/^ 

DELIVERY METHODS 

One of the key elements in successful gene transduction of the target 
cells is the method used in delivering the viral vector or ptasmid 
DNA to the host cells. Initial attempts to prognimme recombinant 
gene expression in the myocardium were limited by low efficien- 
cies of gene transfer and by tbe need f*»r intramyocantial injections 
of DNA or Ad.'*'**^' Barr^r fl/." described ii more eOicicnt method 
for gene trans Per in(o btHh ihc coronary vessels and surrounding 
myocarfium, ttsing catheter-mediated gene transfer. Intracorooary 
infusions of Ad arc relatively non-invasive and can be performed 
pennaianeously using established cutOiac calhctcrizalion techniques. 
Unlike direct injection into the myocardium, intraeoronary infusion 
of Ad into the rabbit myocardium did not induce inflammation or 
myocardial necrosis.^' As many as 32% of cardiae myocytes 
expressed the recombinant gene at 5 days following infusion, but 
only 0.01% of cells in four of seven animals expressed the gene at 
1-2 njonths. However, levels of gene ex|iression in the myocardium 
were 10 -50-foId higher by comparison with those c^taincd by dircct 
DNA iojcction. In a similar sludy» Li al. examined the feasiliil- 
ity, clTiciency and safely of Ad-ntediated gene transferiVt vivo into 
canine myocardium by percutaneous translumina! gene tnuisfcr 
(PTGT) using a needle catheter,^* injections into the left ventricle 
of dogs through a needle catheter inserted via a femoral aitcry were 
performed using cither rcplication-ilcficicnt Ad or plasmid, boih 
expressing p-^al. Expression of lacZ was examined by histochcm- 
ical staining and quantified by measuring ^-gal activity. Injection 
with 1 .0 X lO' p,f.u. recombinant Ad induced lacZ expression at 
levels at least 10-fold higher than those obtained with a 50 fLg injec- 
tion of plHS'mid-cxprcssing lacZw Foreign p-gal expression was 
detected within 24 h, peaked at 7 <lays and persisted for 2 weeks 
after gene tiimsfer. 'Vhc duration and levels of gene expression coin- 
cide widi the results reported by Barr er a/." A comparison of deliv- 
ery methods in porcine hcan indicated ihal intmmyocardiul injcclion 
of reconibinani Ad was more cfflcieni for short-term gene transfer 
than intracoronai7 infusion.^^ This observation was in conuast with 
data from lotracoronary infusion of AAV using these standard 
cothctcrirataon techniques and demonstrating successful long-term 
gene transfer in the porcine nrKxIel.^' As an altemalive to intravas- 
cular administration, romping et al,^ have used an Ad encoding a 
mjclcar-iaigcted ^-gal to investigate vector delivciy into the peri- . 
cardial sac of dogs. One day after injecti<Hi, transgene expression 
was observed in the parietal pericardium and left atrial tissue, with 
lower levels detectable in the right and lefk ventricles. Histochemical 
analysis indicated exiwession of the transgene in the vificcral peri- 
cardium of atria and ventricles and, occasionally, in the epicardial 
myocytes, arterioles and venules.^' 

HMMUNOGENnClTY AND NEW VECTOR 
-DESIGN 

Because a major barrier in obtaiotng efficienl gene transfer has been 
the problem of transient foreign gene expression and an inllanuna- 
loiy response^ it has become ncxxssary to focus on the nature of the 
immune response and to consider ways of circumventing it Studies 



aiiTKrd al identifying the immune effector involved in determining 
the longevity of virally delivered transgene expression havcdemon- 
su:ated that imniunodeficient rats display higher levels and more pro- 
longed durations of foreign gene expression than immunocompclcni 
nus.^ Ablation of C04+ T cell aclivation at the lime of vector 
administration has been ascd as a strategy for preventing cellular 
and humoral immunity.** By administration of inuDune-modulating 
agents, such as monocUmal antibodies to CD4+ cells and to CD40 
hgandt it has been possible to prevent the effector response of CD8 + 
T and B cells/'' A comparable immunosuppressive effect has been 
reported in studies using traasforming growth factor frGF)-31 or 
vill0.'<* 

An altemalive strategy to intinunomodulaiioii is the development 
of novel viral vectors that may elicit decieased immune responses. 
Heavily deleted gutless Ad vectors that are depleted of all viral genes 
arc capable of encoding multiple foreign genes and cun retain their 
abilily to infect target cell iypt:^.^'^ An Ad dodecahedron made of 
Ad penions or ^tentoo bases retains many of the |)roperties of Ad, 
including efficiency of entry and efficient rcScasc of DNAftom endo- 
somcs, but may have the advantage of being non-immunogenic.** 
These gutless Ad vectors and tlie AAV veclors cunenlly liold the 
most pmmise for the future as vectors for delivery of therapetftic 
genes to the heart and vasculature. 

CELLULAR TRANSFLANTATflON 
Myocardial regeioeration and £Diitologous grailing 

Because the adult mammalian myocanlium is incapable of regcn- 
cration, considerable attention ha.s been direcLed towards replacing 
damaged myocardium witli new viable muscle.*'* Cardiac myocytes 
transfonncd with SV40 laige T antigen* which have been used in 
pilot experiments fw grafnng into hearts of syngeneic mice, were 
shown to fuse succcssfidly with the host myocardium and were 
viable for as long as 4 crtonlhs postimplantation.^' The transformed 
nature of tlie transptanted cells from these studies led to concerns 
over their unregulated growth potential. The grafts were not viable 
in the long term and there was no evidence for improved perfor- 
mance of the myocardium. 

In studies on the transplantation of skeletal myoblasts Into ven- 
tricular myocardium, C2C12 skeletal myoblasts were shown to be 
capable of forming long-term differentiated grafts with evidence of 
intercalated discs and gap junctions with aligned cardiac cells and 
repressed myoblast proliferation in the Iiearts of syngeneic mice.^ 
Again, there was evidence of tomorigeitesis and no evidence for 
impn>ved cardiac function. Allogeneic and xcoogendc myoblashf 
injected into the anterior and posterior walls of the porcine left ven- 
tricle were successfully transplanted in immunoftuppfessed animals 
with no significant graft rejection.** No reports have yet claimed to 
sIk>w changes in myocardial function in respoose to cellular trans- 
plantation. 

Foetal cardiac myocytes have been successRitly implanted into 
Ihc hearts of adult mice with a demonstration of the presence of inter- 
calated discs between the grafted cells and the host myocardium.^ 
Following engraftment of fo^al cnndiomyocytes into the myo- 
cardium of dystrophic mice and dogs, there was clear morpliologlcal 
evidence of spontaneous fusion of host and donor cdls.^ Autologous 
Inmsplantaiiou of cardiac myocytes would be eleariy preferable to 
avoid grafl rejection, but the accessibility of donor cardiac myoblasts 
is likely to limit the ctinica) applicability unless there urc break- 
throughs in rcgciicxadon research. Cardiac myocytes differentiated 
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in culture from embryonic stem cells" may eventual ly i>rovidc a 
source of cclls/lissuc for in vm> graftiug experiments.** 

One cneans of adiicving immunosuppressinn as well as delrvering 
therapeutic genes has been to inject genetically enijinccrcd skeletal 
myoblaJ^tK into the niytjcaidium or skdetnl muscle where they secictc 
a foreign gene product.^'-' Rctix>vira1ly transduced allognifts. 
expressing TGF-P I under ihc control of the S V40 promoter or inier- 
tculcin (IK)- 10 gene under the control of murine leukaemia virus 
long-term repeat (MuKV)-[TR, displayed increased surv'ival con- 
sisiem with an induced ininiunosupp ression,'^ 

Cellular tran^plaDtation inU) ,<;car or infarcd dssue 

An alternative approach for myocardial lei^air may be to induce 
differentiation of skeletal muscle within cardiac muscle from trans- 
planted satellite cells. Skeletal mascle satellite cdls are undiJfer- 
entiatcd myoblasts that remain dormant under the basal lamina but 
become activated upon myofibrc injury, when they migrate towards 
the damaged site, enter a mitotic cycle and dinerentiate into skeletal 
muscle.^ Satellite cells, when implanted into injured myocardium, 
can be infincnccd by the myocardial environment to display a cardiac 
myofibrc-liVc phcnofype."'^ Such cells implanted into a site of 
cryoinjury were fiHjnd to diffcrenriate into muscle fibres and showed 
evidence of intercalated di.sas.'* Such .satellite cells may wrth.stand 
a short- tenn ischaemic episode^' and could provide n vuluuble 
myocardial repair strategy. Foetal myocaniial tissue has also been 
successfully transplanted into myocardial scar tissue with graft sur- 
vival from 7 to 24 days after infarcaiHi: a duration of viability that 
may support dcliveiy of a range of therapeutic proteins.'* 
Imf^Hntaliun of neonatal skeletal myocytes into scar tissue resulted 
in the esiablishnicnt of new muscle tissue that was capable of con- 
tracting wl>en electrically stiniulaied.^ Al duy 1. vmflcd cells were 
proliferating and did not express MHC and by 2 weeks the grafis 
be^ expressing ^-MHC, a characteristic feature of slow skeletal 
myocyies. Co-e?tpressi<«i of embryonic, fast and p-MHC continued 
over 3 months, consistent with conversion of the grafts to slow rvi'itch 
fibres that could prove to be .^uiited to a cardiac work load. 

MOLECULAR CARDIOMYOFLASTY 

Dynamic cardiomyoplasty is a therapeutic |»occdure thai involves 
wrapping a synchronously paced skeletal muscle, usually the latis- 
simus dorsj, around the heart.*"'"' A potentially analogous gene 
therapy approach to cardiomyoplasty would be to use genetic manip- 
ulation to regenerate cardiac myocytes after myocardial infaraion. 
On avcrexpn:ssion, the myu>gcnic dctcnninaiion factor MyoD*^* . 
is capable of inducing skeletal oiuscle OifTcrentiation of a humbcr 
of cell types, incloding fibroblasts. A number of recent studies, 
induding our own^ have addressed the possilxlity that forced ex prts - 
sion MyoD could be used for converting non-myocytes within 
Infaicted or !>cane<I myocardial lissuc with a positive thcrapeulic 
outcome."^^^ We Iwve demonstraied Ihat overexptessioo of MyoD 
through retroviral delivery into primary neonatal cardiac fibroblasts 
m culrarc will xesuh in the fonmtion of elongated multinucleated 
myotubcs. Upon dcliveiy of the retrovirus by iiycctioD into inf arctcd 
dog myocardium, we identified rare ctuslcri of odls that stained pos- 
itive for skeletal muscle-specilic skeletal fast MHC*^ 

In healing rat heatts injured I week previously, it was fouixl that 
cardiac granuladon (wound repair) tissue could be svcccs-sfully 



infected wiih a MyoD-encoding Ad, li\fected catdiac granulation tis- 
sue expressed MyoD mRNA and there was evidence of structures 
suggesting multinucleated myotnhes.*'^ 

SUMMARY/CONCLUDING REMARKS 

'llierc have been major advances in myoc*ardial gene transfer in 
rcccnl years, with successful deuionstralionsof high tiunsfeciion cfE- 
ciencies, high-level transgene expression and regulation of foreign 
gene expression in a manner that would be applicable to gene therapy 
for the diseased myucanlium. The principal methods for foreign gene 
delivery to the myocanlium have involved direct introduction of 
transgencs into cardiac myocytes and grafting of canJiac myocytes 
or myoblasts that have been transfected ex vivo with a foreign gene, 
noih direct gene tnmsfer and cell grafting have limitations. Intual 
fwdies on direct gene transfer by plasmid or viral vectoi^i resulted 
in poor transfection efhctcnci&s and a lack of sustained tran.sgene 
expres*sion io cardiac myocytes. While direct plasmid genetran.sfer 
is incfticienl, delivery of Ad-based wtws has resulted in inflam- 
matory responses that elicit a shut-off of fonugo gene expression. 
New modified Ad and AAV have been particularly effective for 
achieving high-level foreign gene expression in cardiac niywytes 
in the absence of a significant inflainiDatory reaction. Cellular trans- 
plantau'on may hold pn)misc for repair of compromised myocardial 
tissue, but its appUcatton to gene therapy approaches must await the 
demoastration of a functional improvement in the xnyocardiuin 
following cell gr^ng. 

A critical acquirement for an cITcctivc gene therapy vector is the 
ability to regulate levels of gene expresViun tcmpurdlly and spatially 
in a n^anner that is apt^ro^jriate to die disease state. While (bis could 
be achieved through hormone or dnig-rcsponsive promoters this 
would nx|u5re additional monitoring and exogenous adnuD]!nration 
of an additional drog that would rcsull in clinical procedures thai 
do not Rigni6cantly differ from tlK>se of conventional noedicine. Our 
recent demonstration of hypoxta-rcsponsive tmnsgene expression 
in a model of myocardiaJ ischaemia with rcpcifusion is the first 
demonstration of regulation of a transgcnc in icspoose to an endog- 
enous dLsca.se plienotype that is fundamental for (he development 
of future successful gene therapy vectors. 

As many of the initial concerns and limitations are becoming elim- 
inated, it is clear that foreign genes can be delivered to the 
myocardium with high efhcteticy and that appropriate vccton: arc 
now available to ensure adequate gene transfer in the absence of 
significant infiammatory responses. The ability to regulate transgene 
ex[»estdun appropriately for a particular disease phenotype will now 
permit deveIopmei»t ofnew eflecUve viral vectors for clinical appli- 
cations directed at therapeutically lelevant targets. 
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RECOMBINANT ADENOVIRUS FOR TISSUE SPECIFIC EXPRESSION IN HEART 



This application claims the benefit of priority of United States 
Provisional Application Serial No. 60/099,960. filed September 11, 1998. 
which is incorporated herein by reference in its entirety. 



BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION 
20 This invention relates generally to a recombinant adenoviral vector 

construct and to methods for the study of gene function and gene therapy 
1 0 for heart disease and more specifically to methods of targeting tissue 
specific expression of a given transgene in cardiac tissue through use of 
inverted terminal repeat sequences from human adeno-associated virus. 



BACKGROUND INFORMATION 
30 Cardiovascular gene therapy represents a novel approach to the 

1 5 treatment of inherited and acquired heart disease. Gene transfer to the 
heart would allow for the replacement of defective or missing cellular 
proteins that are responsible for proper cardiac function. The control of in 
vivo cardiac function represents a complicated interplay between multiple 
genes, varied cell ty|>eSr and environmental stimuli but the elucidation of 
20 this interplay remains dependent on a more complete understanding of the 
changes that occur at the molecular and cellular levels. Traditionally, the 
majority of human gene therapy protocols have relied on the ex vivo 
application of the therapeutic gene, through the introduction of a retroviral 
vector, to the affected cells or tissue. Because the ex vivo method of 
25 gene therapy depends on the removal from and reintroductton to the body 
of the target cellSr the treatment of inaccessible or senslfive organs or 
tissue poses a nrwjor dilemma. The alternate strategy of direct in vivo 

so 
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delivery of therapeutic genes to the target cells represents a preferable 
method of gene therapy. 

Targeted gene expression in somatic tissues is essential for both 
gene therapy and in vivo analysis of gene function, mainly through the 
5 substitution of an affected gene, using a safe and effective delivery - 
system for the therapeutic gene. To date, recombinant adenoviruses have 
replaced the retrovirus as an efficient gene delivery vector for a variety of 
cell types and tissues (Yeh, et aL, FASEB J 1 1 , 61 5-23, 1 997). 
Adenovirus vectors are highly efficient in the genetic modification of 

10 nondividing human cells and have the capacity to carry long segments of 
genetic information. The hurdle in using adenovirus as gene "delivery 
systems** is that when an adenovirus is administered to a patient to aid in 
the delivery of genes to specific cells, the patient's immune system may 
react against the virus. To overcome this hurdle, modifications have been 

1 5 made to make the adenoviral vector safer, less toxic to the cells and less 
likely to stimulate an immune response. This has involved removing the 
El region of the adenovirus gene which prevents the ability of the virus to 
express its own proteins required for making viral particles. In place of 
the El region, a therapeutic transgene can be inserted. The efficiency of 

20 this kind of exogenous gene delivery and subsequent expression can be 
high, as it does not normally integrate into the host genome, and it has a 
minimal effect on intrinsic host cell function (Baldwin, et aL, Gene Ther. 
4, 1 142-49, 1997). However, while adenoviral vectors are capal>le of 
producing high levels of transgene expression, their capacity to infect and 

25 program transgene expression in large numbers of cells and tissue, 

including the liver and lungs, poses limitations. As a result of this high 
level of transient infectivlty, methods have been undertaken to direct 
transgene expression to specific tissues or areas of the body. For cardiac 
tissue, a number of attempts have been reported utilizing recombinant 

30 adenoviruses to achieve transgene expression in the heart through either 
intra-myocardial or intra-coronary injection IBrody, ef a/., Ann. N.Y. Acad. 
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Sci. 716, 90-101, 1994; Ban, etaL, Gene Tber. 1. 51-8. 1994; Kypson, 
era/., J. Thorac. Cardiovasc. Surg. 115, 623-30, 1998). While direct 
injection of viral particles into the nnyocardium or cardiac cavity have been 
shown to be more efficient for gene delivery to the myocardium, infection 
5 and transgene expression also occurs in non-cardiomyocytes, which 

causes speculation that any specificity of transgene expression that exists 
is achieved by targeted delivery rather than restricted transcription (Kass, 
ef a/.. Gene Ther. 1, 395-402, 1994; Kass, ©fa/., Methods Cell Bio. 52, 
423-37, 1997). As a result, ectopic expression, particularly in liver and 

1 0 other tissue, remains a significant limitation for the generalized use of 
recombinant adenoviruses for gene transfer to specific cell types within 
the cardiovascular and other organ systems. 

In most recombinant adenoviral vectors, the E1a region of the 
adenovirus genome, which encodes the protein with properties for 

1 5 transcriptional regulation, is deleted and replaced by a minigene "cassette" 
that typically includes a promoter of choice, the transgene coding region, 
and a polyadenylation signal (Yeh, ef a/., FASEB J 1 1, 615-23, 1997). 
One possible approach to achieve tissue- specific transgene expression 
using adenoviruses is to employ cellular gene promoters that possess cell- 

20 type specificity at the transcriptional level, rather than commonly used 
viral gene promoters that have a high level of expression, but lack tissue 
specificity. In the past, a number of studies have utilized different cell 
promoters to achieve targeted transgene expression in various tissues, 
including smooth muscle {Kim, etaL, J. Clin. Invest. 100, 1006-14, 

25 1997), pancreas IDusetti, etaL, J. Biol. Chem. 272, 5800-4, 1997), 

endothelium (Morishita, etaL, J. Biol. Chem. 270, 27948-53. 1995), lung 
(Strayer, etaL, Am. J. Respir. Cell Mol. Bio. 18, 1-11, 1998), and several 
kinds of tumors ( Su, etaL, Proc. Natl. Acad. Sci. USA 94, 13891-6, 
1997; Siders, etaL, Cancer Res. 56, 5638-46, 1996). Similar attempts 

30 using cardiac-spedfic promoters such as the myosin light chain-2 (MLC- 
2v) and the alpha-myosin heavy chain (a-MHA) promoters, in the context 
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of adenoviruses, however, have not been wholly successful in providing 
tissue-restricted gene expression in vivo (Kim, et aL, J. Clin. Invest. 100, 
1006-14, 1 997). These results suggest that adenoviral genomic 
sequences surrounding the deleted El a region may be responsible for at 

5 least partial specificity of the adjacent cellular promoter. It has also been- 
suggested that sequences around the El a region may contain negative 
regulatory elements that act in modulating the specificity and activity of a 
cellular promoter (Shi, et s/.. Hum. Ther. 8, 403-10, 1997). This 
undesirable property of adenoviral vectors has limited their application, 

0 especially in the context of in vivo studies where tissue specific 
expression of the transgene is required. 

Thus, the need remains for a transgene expression system utilizing 
recombinant adenoviral vectors that are tissue specific for use in in vivo 
and in vitro gene therapy and gene function analysis for both neonatal and 

5 adult subjects. The present invention satisfies this need and provides 
related advantages as well. 

SUMMARY OF THE INVENTION 

The present Invention provides a human type- 5 recombinant 
adenovirus vector to achieve cardiac restricted transcription in both 

iO neonatal and adult subjects utilizing the cardiomyocyte-restricted cardiac 
ankyrin repeat protein (CARP) promoter in cooperation with the inverted 
terminal repeat <ITR| sequences from human adeno-associated virus 
(AAV). Such a combination is effective in achieving cardiac tissue- 
specific transcription of the transgene both in vitro and in vivo, 

>S The invention further provides a method to achieve tissue targeted 

expression of a given transgene in cardiac tissues in both neonatal and 
adult subjects. Such a method has significant applications in both gene 
function studies and gene therapy for inherited and acquired heart 
diseases. 
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BRIEF DESCRiPTION OF THE DRA\AnNGS 

Figure 1 shows the constructs of recombinant adenovirus vectors. 
All recombinant adenovirus vectors were generated through homologous 
recombination between pJM17 plasmid DNA and the specific shuttle 
5 plasmid DNA in 293 cells. - 
Figure 2 shows a Northern-blot analysis of the relative cell-type 
specific transcription of GFP in cultured cells following adenovirus 
infection. RNA from uninfected, conUol and infected cardiac myocytes 
were subject to Northen-blot analysis using GFP codir>g sequences as a 
1 0 probe arxi normalized by hybridization signals for GAPDH mRN A. 

Rgure 3 shows a Southern-blot analysis of the relative cell-type 
specific transcription of GFP in cultured cells following adenovirus 
infection. DNA from control or infected cells were digested with Not I and 
Xhol restriction enzymes and the GFP expression was detected at 
1 5 approximately 3.0 kb size for Adv/CMV/GFP and 760 bases for 
Adv/CG/ITR. 

Figure 4 shows a Northern-blot analysis of the level of GFP 
transcription in mouse heart and liver following intra-cardiac injection of 
adenovirus vectors. 

20 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention provides a means for achieving cardiac 
restricted transcription of a traosgene in both neonatal and mature cardiac 
tissues through the use of a recombinant adenoviral gene delivery vector 
which is engineered to contain a cardiomyocyte-restricted CARP promoter 

25 in conjunction with inverted terminal repeat sequences from human 

adeno-associated virus, the sequences of which are incorporated herein by 
reference. In the construction of adenovirus vectors, it is most common 
to delete the majority of the El a and El b regions of the serotype 5 
adenovirus gene to prevent replication of the adenoviral DNA. A 

30 prototypical vector is constructed by inserting the desired exogenous 
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genetic Information, including the left hand end inverted terminal repeat 
(ITR), signal enhancers, promoters for the expression of the desired 
exogenous gene, and a polyadenylation signal, into the former El position 
of the adenovirus. Fu, ef a/. {Nat. Biotechnoi, 16, 253-7, 1998) 
5 incorporated herein by reference, have reported an unusual property of the 
inverted terminal repeat (ITR) sequences, specifically of adeno-associated 
virus (AAV). Adeno-associated viruses are satellite viruses derived from 
replication-deficient parvovirus and most often found in association with 
adenovirus or herpes simplex virus. The wild-type AAV is non pathogenic 

10 and can site specifically integrate into a host genome, can transduce 
nondividing cells, and does not induce an immune response which could 
destroy the transduced cells. Fu, et ah have shown that the inclusion of 
both the left and right end segments of the AAV-ITR sequences imparts 
the ability to enhance the level as well as tissue specificity of the 

1 5 transgene expression using viral gene promoters or tissue-specific cellular 
gene promoters in developing Xenopus embryos. Further, Philip, et aL 
{MoL Cell Bio. 14, 2411-8, 1994) have demonstrated that the inclusion of 
both the left and right end AAV-ITR sequences in mammalian plasmid 
constructs results in the enhancement of efficiency and stability of 

20 transgene expression. In the context of a recombinant adenovirus vector, 
inclusion of both the left and right end ITR sequences from adeno- 
associated virus has the ability to enhance tissue specificity of the 
exogenous transgene expression when a cardiac restricted promoter is 
utilized. 

25 In order to achieve targeted gene expression in the cardiac tissue, 

the 21 3 base pair, 5* flanking promoter fragment of the CARP gene was 
selected to direct the transgene expression. Three separate lines of 
transgenic mice were created which harbored various CARP promoter/ 
galactosidase reporter genes for the purpose of studying ^is 5* flanking 

30 CARP promoter. CARP, a cardiac ankyrin repeat protein, is a putative 
downstream regulatory gene in the homeobox gene Nkx2-& pathway 
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which regulates the expression of the ventricular myosin light chain-2 
(MLC-2v) gene (Zou, etaL, Devefopment 124, 793-804, 1997). Studies 
have identified an essential GATA-4 binding site in the proximal upstream 
regulatory region of the CARP gene and cooperative transcriptional 
5 regulation mediated by Nkx2.5 and GATA-4. This cooperative regulatiorr 
is dependent on the binding of GATA-4 to Its cognate DNA sequence in 
the promoter, which suggests that Nkx2.5 may exert its control on the 
CARP promoter, at least in part through GATA-4. As used herein, the 
term "homeobox gene Nkx2-5" refers to the murine homologue of 

10 Orosophila gene tinman which has been previously shown to be required 
for heart tube looping morphogenesis and ventricular chamber-specific 
myosin light chain-2 expression during mammalian heart development. 
Ventricular myosin light chain-2 (MLC-2v), or>e of the earliest markers of 
ventricular regionatization during mammalian cardiogenesis, has been the 

1 5 subject of numerous studies seeking to identify the molecular pathways 
that guide cardiac ventricular specification, maturation and 
morphogenesis. These studies have identified a 28 base pair HF-1a/MEF- 
2 c/s-eiement in the MLC-2v promoter region which appears to confer the 
cardiac ventricular chamber-specific gene expression during cardtogenesis 

20 as well as showing that the ubiquitous transcription factor YB-1 binds to 
the HF-1 a site in conjunction with a co-factor. Moreover, data further 
indicates that regulatory elements within the 5' flanking region of the 
CARP gene are capable of directing region-specific (atrial vs. ventricular 
and left vs. right) transgene expression in the heart. The 213 base pair 

25 sequence element in the 5' flanking region of the CARP gene appears to 
be sufficient to confer conotruncal-specific transgene expression. 

CARP forms a physical complex with YB-1 in cardiac myocytes and 
endogenous CARP seems to be localized in the cardiac myocyte nucleus. 
Zou, etaL {Development 124, 793-804, 1997) have demonstrated that 

30 CARP can negatively regulate HF-1-TK minimal promoter activity in an HF- 
1 sequence-dependant manner in cardiac myocytes as well as displaying 
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transcriptional inhibitory activity when fused to a GAL4 DNA-binding 
domain in both cardiac and non-cardiac cells. Analysis using a standard 
Northern-blot protocol indicates an enriched level of CARP mRN A in the 
myocytes of cardiac tissue, and to a lesser degree in skeletal muscle, and 
5 that endogenous CARP expression can be upregulated in heart and other- 
tissue upon induction of cytokine actn^ity (Chu, et aL, J. Biol. Chem. 270, 
10236-45, 1995; Jeyaseelan, etah, J. BloL Chem. 272, 22800-8, 
1997). 

Cytokines play a critical role in the control and maintenance of the 

10 signaling pathways that regulate mammalian physiology in multiple organ 
systems. Their widespread importance is reflected in the extensive tissue 
distribution of cytokine networks, where a deficiency in cytokine signaling 
components can result in multiple organ defects. In a study by Hirota, et 
af. {Cell 97, 189-198, April 16, 1999) incorporated herein by reference, 

15 researchers explored the role of IL-6 related cytokines in the pathogenesis 
of cardiac failure, which is the leading cause of combined morbidity arxi 
mortality in the United States and other developed countries. In response 
to chronic increases in blood pressure and blood volume overload, as is 
common in myocardial injury, the heart responds by becoming enlarged in 

20 order to maintain normal cardiac function, a process known as 

compensatory hypertrophy. CT-1 , a member of the IL-6 cytokine family, 
can activate the onset of myocyte hypertrophy in vitro and has been 
shown to be vital as a potent myocyte survival factor in cardiac muscle 
cells by blocking the onset of cardiomyocyte apoptosis. There is further 

25 evidence that the presence of cytokine receptor gpl 30 expression in 
cardiac myocytes can lead to compensatory cardiac hypertrophy, thus 
delaying the onset of cell apoptosis and ultimately, heart failure. A 
deficiency in the gpl 30 cytokine receptor signaling pathway often results 
in severe cardiac defects In developing embryos possibly leading to an 

30 early lethality in utero. A therapeutic strategy of introducing the 

transgene coding region of gpl 30 directly into the embryonic heart cells 
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using the tissue specific adenoviral vector delivery system of the present 
invention, while still in utero, may be a viable treatment option. Similarly, 
introduction of the gp130 gene into mature cardiac myocytes under 
constant biomechanical stress, through attachment to the cardiac specific 
5 CARP promoter of the present invention, may initiate expression of the - 
gp130 cytokine receptor pathway* resulting in enhanced cardiac 
compensatory hypertrophy, offsetting cardiomyocyte apoptosis, and thus 
averting cardiac failure. 

Generation of recombinant adenovirus vectors 

10 The recombinant adenovirus vector of the present invention was 

constructed through homologous recombination between shuttle plasmid 
DNA containing the transgene and pJM17 plasmid DNA containing the 
entire genome of the human type-5 adenovirus, the method of 
construction described by Wang, et al., */, Btoi. Chem. 273, 2161-8, 

15 1 998, for the generation of Adenovirus/CMV vectors. The £ coii host 
containing plasmid pJM17 that includes DNA of the entire genome 
replication defective human type-5 adenovirus has been deposited as 

ATCC Accession No. in the American Type Culture Collection, 

10801 University Blvd., Manassas, Virginia 20110-2209, U.S.A., under 

20 the terms of the Budapest Treaty on the International Recognition of 
Deposits of Microorganisms for Purposes of Patent Procedure and the 
Regulations promulgated under this Treaty. Samples of the deposited 
nruiterial are and will be available to industrial property offices and other 
persons legally entitled to receive them under the terms of the Treaty and 

25 Regulations and otherwise in compliance with the patent laws and 
regulations of the United States of America and all other r^ations or 
intemational organizations in which this application, or an application 
claiming priority of this application, is filed or in which any patent granted 
on any such application is granted. 
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The shuttle plasmid, pAdv/CARP, was assembled with a 2.5 
kilobase CARP promoter, excised from the 5' flanking region of the CARP 
gene and inserted between the Bam H I and Xho I sites of pXCJL2. {The 
£. CO// host containing plasmid pJM17 including DNA of the entire genome 
5 of the human type- 5 adenovirus containing the insert murine CARP - 

promoter sequence has been deposited as ATCC Accession No. .) 

The resulting construct was shown to be sufficient to confer cardiac- 
restricted marker gene expression in cultured cells and transgenic mk:e. 
(See Zou, et aL {Development \2A, 793-804, 1997).) 

10 With the elucidation of CARP function, this 2.5 kilobase CARP 

promoter was thus used to generate an adenovirus/CARP/marker 
construct, using a green fluorescent protein (GPP) gene as a visual 
reporter for identification of adenovirus/CARP promoter activity following 
in vitro and in vivo administration of the adenovirus constmct. To 

1 5 construct the reporter gene, GPP coding sequences were excised from 
pEGFP-NI (aontech, CA) through Bam HI and Afl 111 digestion, and 
inserted into the Xho I site of pAdv/CARP to generate pAdv/CG. The 
resulting recombinant adenovirus was designated Adv/CG. 

In order to determine whether inclusion of AAV ITR sequences in 

20 the adenovirus genome has the ability to enhance tissue specific 

expression of the transgene, the DNA fragment containing the CARP 
promoter and GPP coding sequences was removed from pAdv/CG through 
Bam HI and Sal I digestion and subsequently irtserted into the Xho I site of 
the pAdv/AAV plasmid, which is derived from pXCJL2 containing two 

25 copies of the AAV ITR sequence. The resulting plasmid, pAdv/CG/fTR, 
was used to generate a recombinant adenovirus, designated as 
Adv/CG/TTR, using transformation techniques known to those in the art. 
Figure 1 provides a diagrammatic representation of the recombinant 
adenovirus constructs. All recombinant adenovirus vectors were plaque- 

30 purified using standard nr>ethods and analyzed by PCR for the presence of 
the transgene In the viral genome. High titer viral stocks were prepared 
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by a single ultracentrif ugation on a GsCI gradient as described by Wang, 
et al., J. BioL Chem. 273, 2161-8, 1998, the technique well known in the 
art. 

Cardlomyocytes and cardiac fibroblast culture and adenovirus infection - 
5 To establish the cardiac tissue specificity of the adenoviral vector of 

the present invention, primary ventricular niyocytes and cardiac fibroblasts 
were prepared from 1*2 day old Sprague-Dawley rats using a Percoll 
gradient method as described by Iwaki, et aL, J, BioL Chem. 265, 1 3809- 
1 7, 1 990. Cardiac fibroblasts were isolated from the upper band of the 

10 Percoll gradient, and subsequently plated in high glucose Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine serum. 
Myocytes were isolated from the lower band of the Percoll gradient and 
subsequently plated in 4:1 Dulbecco's modified Eagle's medium; 199 
medium, 10% horse serum and 5% fetal bovine serum. The cardiac 

1 5 fibroblasts and myocytes were infected with the recombinant adenovirus 
at varied multiplicity of infection (M.O.I.) 24 hours after isolation and were 
then incubated for an additional 48 hours before being subject to DNA, 
RNA, and fluorescent photomicroscopic analysis. 

FtNA and DNA analysis 

20 RNA samples were prepared from cultured cells and mouse tissues 

using RNAzol B solution according to the manufacturer's protocol {TEL- 
TEST, Texas). Northern blot hybridization was performed according to a 
standard protocol, familiar to those of skill in the art, using GFP coding 
sequences to generate a P^^ labeled probe. Total DNA, purified from 

25 cultured cells and mouse tissues, were prepared using the protocol as 
directed by a Purogene DNA isolation kit, and then digested with the 
restriction enzymes Xho I/Not I for Southern blot analysis using the same 
P*^ labeled GFP coding sequence probes as used in the Northern blot 
hybridization. 
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fn VIVO adenoviral injection into neonatal mouse heart 

Using the procedure of high efficiency, long term expression via 
adenoviral vector injection into neonatal mouse as described by Brody, et 
al., Ann. N.Y, Acad. ScL 716, 90-101, 1994, 1-day old mouse neonates 
5 were anesthetized by hypothemr>ia at 4 °C for 2 minutes. 10/^1 of viral - 
solution, containing 2x10' viral particles, were injected directly into the 
cardiac cavity using a flame stretched capillary tube mounted on a 
micromanipulator. Flashback of pulsatile blood in the capillary tube gave 
positive indication of correct intracavitary placement. The subject 
10 neonatal mice were allowed to recover by rewarming at room temperature 
and were then placed back with the mother for a 48 hour period. At the 
end of the 48 hours, the neonatal mice were sacrificed, and the heart and 
liver were removed from the body for DNA, RNA and fluorescent 
photomicrographic analysis. 

1 5 Mouse embryo culture and microinjection of adenovirus vector 

The preparation of rat serum was by the method as described by 
Cockroft, et al.. Dissection and Culture of Post-Implantation Embryos, 
1990 (IRL Press, Oxford, England). Whole mouse embryos were cultured 
according to the method of Sturm and Tarn, Methods Enzymol. 225, 1 64- 

20 90, 1 993. As per the protocol, timed pregnant female mice were 
sacrificed by cervical dislocation. The uterus was dissected from the 
body and rinsed in phosphate buffered-saline <PBS) to remove any residual 
blood and then transferred to a sterile receptacle containir^ PB1 media 
(1 37 mM NaCI; 2.7 mM KCI; 0.5 mM MgCI^; 8.04 mM NajHPO^, 1 .47 

25 mM KH2PO4; 0.9 mM CaClj; 0.33 Na pyruvate; Ig/L glucose; O.OIg 
phenol red, pH 7.35; 100 ml/L streptomycin; 100 U/ml penicillin; all 
reagents from Sigma Biochemicals, St. Louis, MO,). Embryos of 1 1 days 
post coitum (El 1) were dissected from the uterus and the decidual ar»d 
Riechert's membrane r^oved. The embryos were separated from the 

30 yolk sac and amnion, which had been left attached during dissection to 
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ensure continuity of the vessels connecting the embryo to the yolk siac or 
the umbilical vessels from the embryo to the placenta. The isolated 
embryos were then transferred to pre-equilibrated media (consisting of 
50% rat serum which was continuously gassed {95% O2, 5% CO2)) in 
5 roller culture bottles placed on a rocker table and incubated at 37°C. " 
After one hour in culture, the embryos were placed in a petri dish and 
microinjected into the left ventricle using a 6 ^m diameter glass pipette. 
The micropipettes had been previously prepared using a multistage pipette 
puller (Suter Instrument Co., Novate^ CA) to pull 1 mm glass capillary 

1 d tubes into the 6 ^im needle configuration. Each micropipette was 
attached to a MX-110-R 4 axis, manual micromanipulator (Newport 
Instruments, Newport, CA) using electrode holders. Intracardiac injection 
of 1 ^1 of a high titer viral solution (2x1 0") proceeded at a low-flow rate, 
on the order of 0.2 to 0.5 mI per second (2 to 5 seconds for one 

1 5 microliter.) 

The ability to target transgene expression in tn vivo cardiomyocytes 
represents a new and powerful approach to study and manipulate specific 
gene function during the process of cardiac development as well as the 
treatment of heart disease using gene therapeutic technology. The 

20 strategy of using a cardiac-restricted cellular promoter in combination wrth 
both the right and left hand ITR sequences from AAV (SEQ ID N0:1 and 
SEQ ID N0:2, respectively) to achieve cardiac specific transgene 
expression in both embryonic and post-natal heart tissue distir>guishes the 
present invention from other recombinant adenoviral vectors currently 

25 fourni in the art. Further, the inclusion of both AAV-ITR sequences in the 
context of a cardiac-restricted recombinant aderravirus vector preserves 
the tissue-specificity of the cellular promoter activity both in vitro and in 
vivo and, when combined with a targeted delivery system, makes the 
present invention significant as gene based therapy to treat heart disease 
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as well as providing a method to study specific gene function in 
embryonic and post-natal heart. 

As previously reported in the studies of Fu, et aL and Phillip, et al., 
the presence of AAV-ITR sequences in mammalian cell systems, as well 
5 as in developing Xenopus embryos, has the effect of enhancing transgene 
expression. The reports of studies of Fu, et aL and Phillip, era/, are 
incorporated herein by reference. While experinr>ents in Xenopus embryos 
suggest that ITR sequences facilitate DNA segregation among replicating 
cells, other studies implicate AAV- ITR sequences in enhancing genomic 

10 integration after transfection, at least in an in v'nro setting. 

Regardless of the mode of action, adenovirus DNA remains mostly 
in episomal form in infected cells. Since cardiac myocytes, on their own, 
do not demonstrate robust replication after birth, h is unlikely that these 
two properties contribute significantly to the enhancement of tissue 

1 5 specificity in hegrt tissue. An alternative mechanism that has also been 
implicated in Xenopus studies is that AAV-ITR has insulating properties 
that shield the flanked transgene from the effects of other regulatory 
elements within the adenoviral genome. In fact, this mode of action has 
support from findings establishing the existence of negative regulatory 

20 elements located around the adenovirus El a region that can modulate the 
specificity of the adjacent cellular promoter. Two previous studies from 
Franz, et aL (Cardiovasc. Res. 35, 560-6, 197) and Rothman, et aL (Gene 
Ther, 3, 919-26, 1996) have also reported the generation of 
cardiomyocyte^specific adenoviruses using the MLC-2v promoter but not 

25 with a-MHC promoter even though both promoters have cardiomyocyte- 
specific transcriptional activity. The reports of studies of Franz, et aL and 
Rothman, et aL are incorporated herein by referwce. The lack of 
transgene expression of Adv/CG (CARP promoter without AAV ITR) 
indicates that the spectfic transcriptional activity of a cellular promoter is 

30 subject to ^gnifk^nt influence by the surrounding adenovirus genome. 
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Therefore, inclusion of AAV ITR provides a general stratiegy to achieve 
tissue-specific transcription using other cellular promoters. 

Hammond, et aL (U.S. Patent No. 5,792,453) have reported a 
replication defective adenovirus vector comprising a transgene coding for 
5 an angiogenic protein or peptide that can be targeted to the myocardium - 
of a patient by intracoronary injection directly into the coronary arteries, 
for the treatment of myocardial ischemia. In order to deliver these 
angiogenic proteins, which may include aFGF, bFGF, FGF-5 (fibroblast 
grovsrth factors) and VEGF (vascular endothelial growth factor), Hammond, 

10 et al. rely on ventricular myocyte-specific promoters, namely the 
promoters from MLC-2v and a-MHC, to achieve targeted delivery. 
However, as has been established by the method of the present invention, 
myocardial expression of the angiogenic transgene in the cardiomyocytes 
is more likely the result of direct cardiac application of the adenoviral 

1 5 vector rather than the use of the MLC-2v or a-MHC promoters. In 
addition to the CARP gene promoter (SEQ ID NO: 3), the AAV-ITR 
sequences (SEQ ID NOS: 1 and 2> of the present invention can be used 
with other cardiac restricted promoters, including: 

I . a-myosin heavy chain gene 
20 2. 8-myosin heavy chain gene 

3. Myosin light chain 2v gene 

4. Myosin light chain 2a gene 

5. CARP gene 

6. Cardiac a-actin gene 

25 7. Cardiac m2 muscarinic acetylcholine gene 

8: ANF 

9. Cardiac troponin C 

1 0. Cardiac troponin I 

II. Cardiac troponin T 

30 12. Cardiac sarcoplasmic reticulum Ca-ATPase gene 

13. Skeletal a-acttn 

14. Artificial cardiac promoter derived from MLC-2v gene 

The AAV-ITR sequences can also be used to generate other target vectors 
for conditional gene expression by using inducible promoters. The 
35 inclusion of the AAV-ITR sequences of the present invention, in the 
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adenoviral vector of Hammond, et aL would assure the tissue specific 
expression of the angiogenic transgene and, thus, avoid the negative 
effects these angiogenic proteins have on other tissues in the body. 

The following examples are intended to illustrate but not limit the - 
5 present invention. 

^AMPUP 1 

Cell-type specific transcription mediated by Adv/CG/ITR vector In cultured 
cells 

This example provides an evaluation of transcriptional specificity of 
1 0 the recombinant adenovirus containing the cardiomyocyte enriched CARP 
promoter coupled (SEQ ID NO: 3) with the inverted terminal repeat 
sequences (ITR) from human adeno-associated virus (AAV) (SEQ ID NOS: 
1 and 2). 

Purified adenoviral vectors were used to infect cultured primary 

1 5 cardiac fibroblasts and ventricular myocytes prepared from neonatal rat 
heart. An adenovirus vector with a human cytomegalovirus {CMV) 
enhancer/promoter driving GFP expression (Adv/CMV/GFf^ was used as a 
positive control for viral infection and GFP detection. As previously 
reported by Wang, et aL, J. BioL Chem. 273, 2161-8, 1998, 

20 recombinant adenoviruses are capable of efficiently infecting many cell 
types, including cardromyocytes, at a low multiplicity of infection (M.O.I.) 
of less than 1 00 viral particles/cell and the expression of GFP can be 
readily detected at a high level in more than 95% of cardiomyocytes 
cultured from neonatal rat hearts. Cardiac fibroblasts, however, require 

25 an M.O.L of more than 1,000 viral particles/celf in order to achieve 

approximately 70% of infection. Using the same level of viral infection 
(100 or 1,000 viral particles/cell), GFP expression was not detected in 
either myocytes or fibroblasts infected with the Adv/CG vector. In 
contrast, when the Adv/CG/ITR vector was used as the infecting agent, 

30 GFP expression was observed in nrwre than 90% of tfw cardiac myocytes. 
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but not at any appreciable levels in cardiac fibroblasts. These results 
demonstrate that the cardiac specific CARP promoter/AAV-ITR is 
necessary to achieve transcriptional specificity of the transgene in the 
ventricular myocytes of cultured neonatal rat heart while transcriptional 
5 expression is not found in the fibroblasts even at even high M.O.I. 

Further evaluation of cardiac-restricted expression of GFP by 
Adv/CG/ITR atjhe transcriptional level was performed using a standard 
Northem-blot protocoljor mRNA detection. As seen in Rgure 2, the 
levels of GFP mRNA in Adv/CMV/GFP infected cardiomyocytes and 
20 10 cardiac fibroblasts are readily detectable. In Adv/CG infected cells, 

however, the GFP mRNA was not detected, which was in agreement with 
the observations from evaluation by fluorescent photomicroscopy. In 
contrast, RNA samples from cardiomyocytes infected with Adv/CG/ITR 
showed significant levels of GFP transcript, while RNA samples from 
1 5 infected cardiac fibroblasts has significantly lower levels of GFP. 

To ensure that the observed cardiomyocyte restricted expression of 
^ Adv/CG/ITR vector was at the transcriptional level rather than secondary 

to an effect of infectivity, a standard Southenvblot analysis was 
performed using DNA samples from infected fibroblasts and myocytes. 
20 As seen in Rgure 3, viral DNA was present at comparable levels in both 
cardiomyocytes and fibroblasts infected w'rth either Adv/CMV/GFP or 
Adv/CG/ITR vectors. These results confirm that the transcriptional 
activity of the CARP promoter is suppressed in the context of the 
adenoviral genome and that the inclusion of PTR sequences from AAV 
25 allows retention of cardiac restricted cell-type specificity of the CARP 
promoter in cultured cells. 
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EXAMPLE 2 

In vivo cardiac restricted transgene expression mediated by the 
30 Adv/CG/ITR vector in neonatal mouse heart 

In order for the present invention to be viable as a method of gene 

therapy for the treatment of inherited and acquired heart disease, it Is 
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important to establish that cell type specificity of the Adv/CG/ITR vector, 
demonstrated //) vitro, can also direct tissue targeted transgene expression 
in vivo. To test this, approximately 2x10' adenovirus particles were 
injected directly into the heart muscle of day-old mice. Following direct 
5 administration of Adv/CMV/ITR vectors into the cardiac cavity, the level 
of infection was measured to be approximately 10% with a distribution 
concentrated primarily in the epicardium of the ventricular wall. In 
addition, a high level of GFP expression was also detected in the liver of 
the infected animals. This observation agrees with many earlier published 

10 studies where it has been established that the delivery of the recombinant 
adenovirus through the systemic circulation always lead to high levels of 
infection in the liver and other non-cardiac tissue. Similar to previous 
observations, direct intracardiac injection of the Adv/CG vector resulted in 
no detectable GFP in any tissue, including the heart. As predicted, the 

15 adenoviral vector of the present invention, Adv/CG/ITR, gave rise to a 
significant level of GFP expression in heart tissue but a much lower 
expression in liver and other non-cardiac tissue. 

To further evaluate tissue specific expression of the transgene, 
Northern-blot analyses were performed on RNA samples prepared from 

20 the heart and liver of the infected mice. The results of the analysis is 
shown in Figure 4. In Adv/CMV/GFP injected animals, GFP mRNA was 
detected at high levels in both the heart and liver confirming the results 
generated by the Northem-blot analysis. In the Adv/CG/ITR injected mice, 
however, GFP mRNA was detected primarily in the heart arni at a 

25 significantly lower level in the liver. The inclusion of AAV ITR in the 
adenovirus vector, as prescribed in the present invention, enhances the 
tissue-specificity of transgene expression in vivo, making the adenovirus 
vector of this invention suitable for use in the delivery of gene therapeutic 
agents. 

30 EXAMPtf 3 
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Cardiac-restricted transgene expression mediated by the Adv/CG/ITR 
vector in cultured mouse embryos 

The tissue-specific gene transfer properties of the present invention 

can also be applied to study gene function during embryonic cardiac 

5 development. To demonstrate the ability of targeted gene expression, in 

developing heart tissue, using tissue specific adenoviral vectors. 

approximately 2x10' particles of each of the recombinant adenovirus 

vectors, Adv/CMV/GFP, Adv/CG and Adv/CG/ITR were microinjected Into 

the cardiac cavities of developing mouse embryos at 1 1 days post coitum. 

10 Follovsring an additional 25 hours of culturing after initial injection of the 
adenoviral vectors, GFP expression was evaluated. Injection of the 
Adv/CMV/GFP vector resulted in high relative levels of GFP expression in 
the developing heart as well as in a wide range of other tissues. This 
wide spread expression pattern confirms earlier evidence indicating that 

15 the Adv/CMV/GFP vector is capable of directing transgene expression in a 
broad range of tissues and that transgene expression is most likely 
dictated by the distribution of viral particles in the developing embryo. 
Following injection of the recombinant Adv/CG vector, analysts by 
fluorescent photomicroscopy revealed no GFP expression in any part of 

20 the embryo which correlated with in vitro results derived from cultured 
cells and in vivo data from neonatal mice studies. Injection of Adv/CG/ITR 
vector gave rise to the expression of GFP in cardiac tissue with no ectopic 
expression, detectable by fluorescent photomicroscopy, in other tissues. 
Specifically, GFP expression was at the highest level in the atrium . 

25 These rcsiilts demonstrate that inclusion of the ITR sequences from 

AAV, as in the Adv/CG/ITR vector construct of the present invention, 
eliminates ectopic expression of the transgene, and allows for cardiac 
tissue specific expression, following direct ventricular injection of the 
adenoviral vector into developing embryos. Such tissue specific 

30 expression, directed by the Adv/CG/ITR vector of the present invention, 
can be applied to the development of other recombinant adenoviral 
vectors that contain ITR sequences from AAV and may confer cardiac 
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specific expression of a therapeutic transgene in the treatment of cardiac 
damage and dysfunction. 

Although the invention has been described with reference to the 
examples provided above, it should be understood that various 
5 modifications can be made without departing from the spirit of the 
invention. Accordingly, the invention is limited only by the following 
claims: 
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What is claimed is: 

1 . A human type-5 recombinant adenovirus vector which has 
tissue specific transcription of a transgene, the adenovirus vector 
comprising; 

5 a tissue-restricted promoter; and 

inverted terminal repeat sequences from human adeno-associated 
virus (AAV). 

2. The human type-5 recombinant adenovims vector of claim 1 , 
wherein the tissue-restricted promoter is a cardiac-restricted promoter. 

to 3. The human type-5 recombinant adenovirus vector of claim 1 , 

wherein the tissue specificity is for cardiac tissue. 

4. The human type-5 recombinant adenovirus vector of claim 1 , 

wherein the inverted terminal repeat sequences from AAV comprise two 

copies of the inverted terminal repeat sequence. 
15 5, The human type-5 recombinant adenovirus vector of claim 4. 

wherein the two copies of inverted terminal repeat sequence from AAV 

comprise the left end and right end inverted terminal repeat sequence. 

6. The human type-5 recombinant adenovirus vector of claim 5, 
wherein the left end and right end inverted terminal repeat sequence from 

20 AAV comprise the 5' end and the 3* end inverted terminal repeats 
respectively. 

7. The human type-5 recombinant adenovirus vector of claim2, 
wherein the cardiac-restricted promoter comprises a cardiac-restricted 
promoter from the group consisting of a-myosin heavy chain gene, 6- 

25 myosin heavy chain gene, myosin light chain 2v gene, myosin light chain 
2a gene, CARP gene, cardiac a-actin gene, cardiac m2 muscarinic 
acetylcholine gene, ANF, cardiac troponin C, cardiac troponin t» cardiac 
troponin T, cardiac sarcoplasmic reticulum Ca-ATPase gene, skeletal a- 
actin, and artificial cardiac promoter derived from MLC-2v gene. 
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8. The human type-B recombinant adenovirus vector of claim 7, 
wherein the cardiac restricted promoter is a cardiomyocyte-restricted 
ankyrin repeat protein (CARP) promoter. 

9. A method for targeted gene therapy for heart disease 

5 comprising combining a cardiac-restricted cellular promoter with inverted" 
terminal repeat sequences from adeno-associated virus. 

1 0. The method for targeted gene therapy for heart disease of 
claim 9, wherein the inverted terminal repeat sequences from AAV 
comprise two copies of the inverted terminal repeat sequence. 

10 11. The method for targeted gene therapy for heart disease of 

claim 9, wherein the two copies of inverted terminal repeat sequence from 
AAV comprise the left end and right end inverted terminal repeat 
sequence. 

1 2. The method for targeted gene therapy for heart disease of 
15 claim 9, wherein the left end and right end inverted terminal repeat 

sequence from AAV comprise the 5' end and the 3* end inverted terminal 
repeats respectively. 

1 3. The method for targeted gene therapy as in claim 9, wherein 
the cardiac-restricted promoter comprises a cardiac-restricted prornoter 

20 from the group consisting of a-myosin heavy chain gene, 6-myosin heavy 
chain gene, myosin light chain 2v gene, myosin light chain 2a gene, CARP 
gene, cardiac a-actin gene, cardiac m2 muscarinic acetylcholine gene, 
ANF, cardiac troponin C, cardiac troponin I, cardiac troponin T, cardiac 
sarcoplasmic reticulum Ca-ATPase gene, skeletal a-actin, and artificial 

25 cardiac promoter derived from IVILC-2v gene. 

1 4. A method for the evaluation of gene function comprising 
combining a cardiac-restricted cellular promoter wrth inverted terminal 
repeat sequences from adeno-assodated virus. 

15. The method for the evaluation of gene function of claim 14, 
30 wherdn the cardiac-restricted cellular promoter is a CARP pronwter. 
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1 6. The method for the evaluation of gene function of claim 14, 
wherein the cardiac-restricted cellular promoter is a CARP promoter 
containing a marker gene. 

1 7. The method for the evaluation of gene function of claim 1 6, 
5 wherein the marker gene comprises a green fluorescent protein gene. 

18. The method for the evaluation of gene function of claim 14, 
wherein the inverted terminal repeat sequences from AAV comprise two 
copies of the inverted terminal repeat sequence. 

19. The method for the evaluation of gene function of claim 14, 
0 wherein the two copies of inverted terminal repeat sequence from AAV 

comprise the left er>d and right end inverted terminal repeat sequence. 

20. The method for the evaluation of gene function of claim 9, 
wherein the left end and right end inverted terminal repeat sequence from 
AAV comprise the 5* end and the 3' end inverted terminal repeats 

5 respectively. 
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SEQUENCE USTING 



< 1 1 0 > Kenneth Chien 

Yibin Wang 
Sylvia Evans 

< 1 20> NOVEL RECOMBINANT ADENOVIRUS FOR TISSUE 

SPECIFIC EXPRESSION IN HEART 
<130> 6627-8045 
<140> unknown 

< 1 41 > Septenr^ber 1 0, 1 999 
<150> US 60/099,960 

< 1 5 1 > September 11,1 998 
<160> 3 

<170> Word Perfect 8.1 

<210> 1 

<211> 174 

<212> ssDNA 

<213> adeno-associated virus 2; Viruses; ssDNA viruses; 

Parvoviridae; Parvovirinae; Dependovirus 

<220> . 

<221 > enhancer; 5* inverted terminal repeat 

<222> 1...174 

<400> 1 

ggccactccc tctctgcgcg ctcgctcgct cactgaggcc gcccgggcaa 50 

agcccgggcg tcgggcgacc tttggtcgcc cggcctcagt gagcgagcga 100 

gcgcgcagag agggagtggc caactccatc actaggggtt cctggagggg 150 

tggagtcgtg acgtgaatta cgta 174 



<210> 2 

<211> 183 

<212> ssDNA 

<21 3 > adeno-associated virus 2; Viruses; ssDNA viruses; 

Parvoviridae; Parvovirinae; Dependovirus 

<220> 

<221 > enhancer; 3' inverted terminal repeat 

<222> 1.»183 
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<400> 2 

catggctacg tagataagta gcatggcggg 

acccctagtg atggagttgg ccactccctc 

ctgaggccgg gcgaccaaag gtcgcccgac 

gcctcagtga gcgagcgagc gcgcagagag 



ttaatcatta actacaagga 50 

tctgcgcgct cgctcgctca 100 

gcccgggcttt gcccgggcg 150 

gga 1 83 



<210> 3 
<211> 2247 
<212> mRNA 

<213> Mu5 musculus; Eukaryota; Metazoa; Chordata; Craniata; 

Vertebrata; Mammalia; Eutheria; Rodentta; Sciurognathi; 
Mundae; Murinae; Mus. 



<220> 

<221> promoter 
<222> 1-2247 



<300> 

<301> Zou, Y., etal. 

<302> CARP, a cardiac ankyrin repeat protein, is downstream in 

the Nkx2-5 homeobox gene pathway 

<303> Development 

<304> 124 

<305> 4 

<306> 793-804 

<307> 1997 



<400> 


3 










nagctcncat 


gcctgcaggt 


cgactctaga 


ggatcctttc 


atgtttaaca 


50 


atatcaaccc 


taacccaagg 


ggaacagcct 


gcctgacagt 


ggctttgcca 


100 


cccatgaata 


cttcctagtc 


tagtccgttt 


gtgaaactca 


gcccatccca 


150 


acacttctgc 


aagccccatc 


ctctacaagg 


tgctcattgg 


gaatttcctg 


200 


gagcttctct 


ttcaggatca 


gcctgattct 


agggca^ag 


ttctcaacct 


250 


gggggcctcg 


acccctttgg 


gggaatcaaa 


cgacccttta 


caggggtcac 


300 


atatcatcta 


tcctatatgt 


caggtattta 


cattacgatt 


cgtaacagta 


350 


gcaaaattac 


aggtatgaaa 


tagcaatgaa 


ataattttat 


gattgaaggt 


400 


caccacaaca 


tgaggccgcc 


acactgttct 


agagaaaaat 


cacctgggtg 


450 


gggaaaggtt 


tgggaaagcc 


tttctgtcca 


ttcttcattc 


ttcaaagtga 


500 


tgtgttcaca 


gaaagccttt 


cagctgttct 


gctggggctc 


ttagtaagtc 


550 


tgagtaggaa 


ctgtatgtac 


caggtctgct 


tcttatgggt 


ggagccaaga 


600 


cgcatcgtgg 


gtggagcgaa 


gacgcaacct 


caccttctac 


tctgcatcca 


650 


tagcaagtag 


cctaatgttc 


tgngtctagg 


gtcatctctg 


tgaatcgaga 


700 


tccttggccc 


ttgtttgaat 


tagggaggca 


caaaatctta 


aaaaattcaa 


750 


gactgntcaa 


caanccanaa 


gtcctttctc 


aaaaggaaag 


gncttaactn 


800 
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tnancccccc tttacttttg 

gaatgaaaaa agcttgccat 

aaaaaattgt ggttaacntt 

gaaacacaat ttgctggttg 

ccatgttcat ggaagggtga 

taacaaacat acacaacacc 

ccccttcact ctcctctttc 

cttacgatag aatctttcct 

ttttcacatt ttaatatctt 

gcctctctca acagcaaagc 

agaacacgag agccccgtgt 

gagtctccag cctcagacgc 

ccacagcatt gggaaacttt 

agaactggac tcacatctct 

atcctctgat tagccttcag 

attatggcca gtgacaccat 

atttctccta atgctggtac 

agacatcatc cagagaattc 

catctccttc ccctcgggct 

aacacttccc agccaactgg 

atggctgtaa gtgtgatgca 

atatgagagc tgacaaagaa 

acaggcagct gtcccctggc 

gagcggtgtg gtcactgcca 

ttcgcatacg ccgcggccag 

actaagtctg gaatgaaaiat 

agcaggggtg tgacttggct 

ctactatata acgggctggt 

ggttcatcca caagagagaa 



3 

agtcaaggcc tggaaccaaa 

nacctggttg gcccctttna 

gaaaaaccga agaccaacag 

sacagctgaa gtggggtggg 

gtgaggagag acagatatat 

ctaattaaca cttccctctt 

ataaaaaata aaaaaagtat 

cgaactataa aaagatctaa 

agcgatgaca agccagaaac 

ttggggcctt tttgtttccg 

atctaggcag atgctctatc 

acatttttct cgggctctct 

actgacagca tccaagttgt 

ctggcatcac ttcggcccgt 

atttagaaca cggtgagcct 

agagtcaaag tgcattactg 

gatggcatgt cacagggcca 

caaacagata ggacaagtgg 

gattatcccc aaaataggat 

agtgctgata agtccagtta 

cagtgcttgc attttcttga 

ggaaaaagag cagcgatgtg 

ttcccgatac gtgggatgac 

aaggaatgac cctctcacat 

cttgtcatct ccctcttggg 

tcacctgcct ctgaattggc 

tcccaggctg gaagattatc 

gtggaggggc tccacagggc 

aaacatagac tcacggctgc 



ccggccccag 


850 


anaggncaaa 


900 


ttatcctcta 


950 


ggttcttacc 


1000 


gaggccagca 


1050 


ctactgacac 


1100. 


tttagtggct 


1150 


atatttatat 


1200 


aagatttttt 


1250 


tgttaggaat 


1300 


attagcccat 


1350 


taagcttttc 


1400 


gcttctgcta 


1450 


tttggggtag 


1500 


gtggtcacta 


1550 


aatgctttca 


1600 


ttttagctgc 


1650 


cacccagacc 


1700 


gtcccaaagc 


1750 


tcagaaagat 


1800 


tacgttagtc 


1850 


tgcaatatta 


1900 


tcgcattgct 


1950 


ttcttcctga 


2000 


cttcccagac 


2050 


cactggtggg 


2100 


tcacccagcc 


2150 


cagttccagg 


2200 


caacatg 
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Cardiac Gene Delivery With Cardiopulmonary Bypass 

Michael J. Davidson, MD; J. Mark Jones, AFRCS; Sitaram M. Emani, MD; Katrina H. Wilson, MS; 
James Jaggers, MD; Walter J, Koch, PhD; Carmelo A, Milano, MD 

Background — Cardiac gene therapy offers the possibility of enhancing myocardial performance in the compromised heart. 
However, current gene delivery techniques have limited myocardial transgene expression and pose the risk of 
extracardiac expression. Isolation of the coronary circulation during cardiac surgery may allow for more efficient and 
cardiac-selective gene delivery in a clinically relevant model. 

Methods and Results — ^Neonatal piglets (3 kg) underwent a median sternotomy and cardiopulmonary bypass, followed by 
aortic cross-claxnping with 30 minutes of cardioplegic arrest. Adenoviral vectors containing transgenes for either 
^galactosidase (adeno-j3-gal, n=ll) or the human /32-adrenergic receptor (adeno-/32-AR, n=15) were administered 
through the cardioplegia cannula immediately after arrest and were allowed to dwell in the coronary circulation during 
the cross-clamp period. After 1 week, the animals were killed, and their heart, lungs, and liver were excised and 
examined for gene expression. Analysis of /3-galactosidase staining revealed transmural myocardial gene expression 
among animals receiving adeno-^-gal. No marker gene expression was detected in liver or lung tissue. )3-AR density 
in the left ventricle after adeno-ft-AR delivery was 396±85% of levels in control animals (P<0.01). Animals receiving 
adeno-ft-AR and control animals demonstrated similar /5-AR density in both the liver (114±8% versus 100±9%, 
P=NS) and lung (11 4 ±7% versus 100±9%, P=NS). There was no evidence of cardiac inflammation. 

Conclusions — By using cardiopulmonary bypass and cardioplegic arrest, intracoronaiy delivery of adenoviral vectors 
resulted in efficient myocardial uptake and expression. Undetectable transgene expression in liver or lung tissue suggests 
cardiac-selective expression. {Circulation, 2001;104:131-133.) 

Key Words: gene therapy ■ cardiopulmonary bypass ■ signal transduction 



Cardiac gene transfer of either the human j^z-adrenergic 
receptor (ft-AR) or an inhibitor of /5-adrenergic receptor 
kinase OARKct) enhances cardiac performance.*-^ Use of 
such genetic strategies clinically will require a safe method of 
cardiac gene delivery. The technique that has been used in the 
laboratory setting involves intracoronary injection of an 
adenoviral vector with the heart beating. The principal 
disadvantage of this technique is that the viral vector is 
r^idly washed out to the systemic circulation and taken up in 
nontarget organs such as the liver and lung.'-^ A critical 
feature of any clinically relevant cardiac gene delivery 
technique, however, is limiting noncardiac delivery to pre- 
vent toxicity. 

We hypothesized that cardiopulmonary bypass (CPB) may 
facilitate cardiac-selective gene transfer using recombinant 
replication-deficient adenovims. CPB with aortic cross- 
clamping and cardioplegic arrest represent the ftmdamental 
components of many cardiac surgery procedures and 
uniquely isolate the coronary circulation. Administration of 
an adenoviral vector under these conditions maximizes con- 
tact time with the myocardium and may reduce systemic 



delivery, therefore limiting toxicity and offering a clinically 
relevant delivery system. 

Methods 

A replication-deficient, first-generation, type V adenovirus with 
deletions of the £1 and E3 genes was used to construct vectors for 
the human ^2~^^ (adeno-^2-AR) or ^-galactosidase (adeno-^•gaI) 
transgene.* Large-scale preparations of these adenoviruses were 
purified from infected Epstein-Barr nuclear antigen-transfected 293 
cells (Invitrogen Corp).** 

One- week-old piglets (3 kg) received humane care in compliance 
with the institutional committee on animal research and in accor- 
dance with the regulations adopted by the National Institutes of 
Health. Animals were given ketamine (20 mg/kg IM) jtist before 
inhaled isoflurane (1%) anesthesia.^ A median sternotomy was 
performed, and after systemic heparinization, CPB was established 
via an aortic cannula and a right atrial cannula. The CPB circuit 
consisted of a reservoir, a hoUow fiber oxygenator/heat exchanger, 
and a roller pump. After stabilization, the aorta was cross-clamped 
and the heart arrested by infusion of cold (4^C), hyperkalemic 
cardioplegia solution (30 mL/kg) into the aortic root Aiiimals were 
randomized to receive either adeno-/3;2-AR or adeno-^-gal. Inmtedi- 
ately after cardioplegic arrest, 1X10" total viral particles, reconsti- 
tuted in 8 mL of pho^hate-buffered saline (PBS), were injected into 
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24 houis 



7 days 



Whole heart mounts and histological sections after 
gene delivery. A, Whole mount of heart 1 week after 
adeno-p-gal delivery, B, Whole mount of heart 1 
week after adefK>-^2-AR delivery. C, Light micro- 
graph (magnification x40) of myocardiurn 1 week 
after adeno-i3-gal defivery, denrxjnstrating X-gal stain- 
ing of individual myocytes. O. X-gal staining tn whole 
mounts of left ventricle at 4, 8. arKl 24 hoirs and 7 
days after ^alactoskJase transgene defivery. E, 
Light mk^rograph (magnifk^atbn x40) of myocardium 
stained with henr^atoxyiin and eosin 1 week after 
aderK>-ftt-AR delivery. F. Light micrograph (magnifi- 
cation x40) of myocardium stained with hematoxyfin 
and eosin 1 week after PBS delivery. 




the aortic root and allowed to dweU in the myocardium. After 30 
minutes of cardiac arrest, the cross-clamp was removed and the heart 
was reperfUsed The animals were then weaned off CPB and aUowed 
to recover. 

Gene expression was assessed 1 week after delivery. A subset of 
animals (n=8) was studied at 4, 8, and 24 hours and 14 days after 
gene delivery to examine the time course of expression. Heart, liver, 
and lung tissues were either immediately stain^ with X-gal solution 
(2 mmoI/L ¥^fe{Ct^^ 2 mmolA. K,Fe(CN)«, 2 mmol/L MgClj. and 
mg/mL 5-bromo-4-chloro-3-indoyl-p-D-gaIactopyranoside] as 
whole-mount samples or firozen at -SO'^C, sectioned at 10 pjn, and 
stained in X-gal as previously described.^ ^-AR expression was 
quantified with radioligand binding assays to determine total /3-AR 
density. Tissue san^^les were homogenized in lysis buffer (5 mmol/L 
Tris-HCl [pH 7.4] and 5 mmol/L EDTA), and membrane factions 
were extracted. A radioligand binding assay was performed using 
*^I-cyanopiiKlolol to determine total )3-AR density, as previously 
described.'' 

A subgroup of animals received only PBS during CPB (n=4). 
Standard hematoxylin and eosin histological sections of these hearts 
were made and compared with sections from hearts treated with 
adeno-^2*AR to assess any inflammatory response. 

Data are expressed as mean±S£M and were assessed by Student's 
/ test Significance was assumed at P<0.05. 

Results 

A total of 42 piglets underwent CPB-mediated gene delivery. 
Of these, 40 survived to the time of study (4 hours to 14 
days). Twenty-six piglets were studied for myocardial trans- 
gene c3q)ression at 1 week. The piglets that received adeno- 
ft-AR (n=15) demonstrated no background X-gal staining. 



whereas those that received adeno-j3-ga] (n=ll) had trans- 
mural staining in all chambers (Figure, A and B). Micro- 
graphic sections of the myocardium of animals receiving 
j3-galactosidase demonstrated staining of individual myo- 
cytes, consistent with transgene expression (Figure, C). There 
was no ^-galactosidase expression in the liver or hmg. 

Animals treated with adeno-ft-AR exhibited a left ventric- 
ular /3-AR density '^4-fold higher than those receiving 
marker transgene (P<0.01; Table). The right ventricular 
J3-AR density was 1.6-fold higher than that of control 
animals, demonstrating lower but significant transgene ex- 
pression in this chamber (P=0,01). ^AR density was not 
different in the liver and lung between adeno-/32-AR and 
adeno-^-gal-tieated animals (Table). 

In addition, gene expression was studied at varying inter- 
vals from time of delivery (Figure, D). P-Galactosidase 



Density tn Treated and Control Piglets 



Tissue 


Adeno-P2-AR(n=15) 


Adeno-p-gal (n=11) 


Ijeft ventricle 


396±85%* 


100±7%(94.4fmol^mg) 


Right ventrk;te 


164±19%* 


100±9% (101.0 fmoVmo) 


tJver 


114±7% 


100±9%(77.4fnH)l/mg) 


Lung 


114±8% 


100±11% (137.4 fmoVmg) 



Values are me9i±SEM ami are expressed as percent of control. All studies 



were conducted 1 week after gene delivery. 
•/*<0.05 vs control 
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expression was first detected 8 hours after gene delivery. 
Expression at 8 houn was transmural and comparable to that 
seen at 24 hours and at 1 week. At 2 weeks, an additional 4 
animals treated with adeno-Pz-AR had mcreascd left ventric- 
ular (275+126 ftnol/mg) and right ventricular (181±31 
fmol/rag) /3-AR density. 

Hematoxylin and eosin micrographs of hearts 1 week after 
delivery of adeno-ft-AR or PBS (n=4) are shown in the 
Figure (panels E and F, respectively). There was no evidence, 
of an inflammatory response in either group. 

Discussion 

This study demonstrates the feasibility of myocardial gene 
delivery during CPB and cold hyperkalemic cardioplegic 
arrest This protocol simulates conventional cardiac surgery 
and tests the effectiveness and potential advantages of gene 
transfer during cardiac surgery. Unlike prior attempts at 
intracoronary gene transfer, CPB-mediated gene therapy 
seems to limit extracardiac gene expression. Our laboratory 
has previously found high levels of gene expression in the 
liver and lung after non-CPB intracoronary delivery.* When 
delivered to the beating heart, the intracoronary vector is 
rapidly washed out of the heart and delivered systemically. 

Because the coronary circulation is uniquely isolated dur- 
ing CPB, gene delivery to the myocardium may be improved 
relative to injection into the coronary circulation with the 
heart beating. By using CPB and cardioplegic arrest, the virus 
is allowed to dwell in the coronary circulation for 30 minutes. 
At the end of this time, in contrast to beating-heait delivery, 
a higher percentage of viral particles may be taken up by 
myocytes or be inactivated. Furthermore, any remaining 
viable vims is ultimately washed out of the coronary circu- 
lation via the coronary sinus and returned to the CPB 
apparatus. Because the CPB circuit has a high surface area for 
potential virus-binding, particularly at the membrane oxygen- 
ator, the remaining viable virus may become bound. Indeed, 
Marshall et al^ demonstrated that the replication-deficient 
adenoviral vectors commonly used for gene delivery are 
rapidly inactivated on exposure to nonbiological surfaces 
such as polycarbonate, cardiac catheters, and syringes. 

This approach may have multiple applications to clinical 
cardiac surgery. Such genetic treatments might siq)port end- 
stage heart failure patients in a manner similar to left 
ventricular assist devices, as a bridge of support until heart 
transplantation. It may also provide support for high-risk 
patients with severely reduced ventricular function undergo- 
ing revascularization or valve replacement procedures. In- 
deed, impairment of the myocardial i5-AR system during 
cardiac surgery has been documented, including receptor 
desensitization with reduced adenylyl cyclase response, pos- 
sibly due to mcreased PARKI activity.^-^o This method of 
gene therapy would achieve transgene expression during the 



first postoperative day and continue for «'2 to 3 weeks. This 
time course would correlate with the early postoperative 
period during which inotropic support is most important 
These studies also raise interest in the possibility of gene 
ther^y with retrograde cardioplegia or with percutaneous 
methods of CPB, such as Hear^orL 

This study represents the first use of CPB for global 
myocardial gene delivery. Moreover, it demonstrates the 
feasibility of intracoronary gene delivery in the pig, whose 
heart is similar to humans. The study is limited insofar as the 
subjects were healthy neonatal piglets. Further work is 
needed to characterize the effectiveness of this technique in 
adult animals and those with ventricular dysftinction. In 
addition, current efforts are directed at demonstrating the 
biochemical and hemodynamic consequences of gene deliv- 
ery using fiinctional transgenes. 
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ABSTRACT 

Type 2 iodothyronine deiodinase (Dg) catalyzes intracellular 3, 5, 
3' triiodothyronine (T3) production from thyroxine (T4), and its mes- 
senger RNA mRNA is highly expressed in human, but not rodent, 
myocardium. The goal of this study was to identify the effects of 
expression in the mouse myocardium on cardiac function and 
gene expression. We prepared transgenic (TG) mice in which human 
D2 expression was driven by the a-MHC promoter. Despite high 
myocardial activity, myocardial T3 was, at most, minimally in- 
creased in TG myocardium. Although, plasma T3 and T4, growth rate 
as well as the heart weight was not affected by TO expression, there 



THE HEART is one of the most sensitive organs to in- 
creases in thyroid hormone. Patients with hyperthy- 
roidism virtually always have tachycardia and an increased 
rate of myocardial contraction (1). This is attributed to both 
intrinsic and extrinsic effects of the excess hormone (2, 3). 
Based on animal models, the intrinsic effects of thyroid hor- 
mone on the heart are thought to be due to changes in the 
expression of certain genes including genes for myosin heavy 
chains (MHC), sarcoplasmic reticulum calcium ATPase 
(SERCA II), and hyperpolarization-activated cyclic nucleo- 
tide-gated channel 2 (HCN2) (4-7). The extrinsic effects are 
those arising from the necessity for a myocardial response to 
the increase in oxygen demand induced by the hyperthyroid 
state (2). 

Thyroxine (T4) is a tetra-iodinated iodothyronine prohor- 
mone, which must be mono-deiodinated in the outer ring to 
T3 to be activated (1, 8). In mamrrials, there are two isoen- 
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was a significant increase in heart rate of the isolated perfused hearts, 
from 284 ±12 to 350 ± 7 beats/min. This was accompanied by an 
increase in pacemaker channel (HCN2) but not a-MHC or SERCA II 
messenger RNA levels. Biochemical studies and ^^P-NMR spectros- 
copy showed significantly lower levels of phosphocreatine and crea- 
tine in TG hearts. These results suggest that even mild chronic myo- 
cardial thyrotoxicosis, such as may occur in human hyperthyroidism, 
can cause tachycardia and associated changes in high energy phos- 
phate compounds independent of an increase in SERCA 11 and 
a-MHC. (Endocrinology 142: 13-20, 2001) 



zymes that can catalyze this conversion,, the typ>es 1 (Dl) and 
2 (D2) 5' iodothyronine deiodinases (8). In rat tissues ex- 
pressing D2, a substantial portion of the nuclear receptor- 
boimd T3 is provided by the intracellular conversion of T4 to 
T3 by this isoenzyme (9). This enzyme is a critical component 
of the homeostatic mechanism for maintaining the tissue T3 
under a variety of stresses because it can increase the effi- 
ciency of T4 activation when T4 production is reduced as in 
iodine deficiency (10). 

The coding sequence and 3' untranslated region of the 
human type 2 deiodinase have been recently identified (11- 
13). The messenger RNA (mRNA) is highly expressed not 
only in the human brain and pituitary, as it is in the rat and 
mouse, but also in myocardium and skeletal muscle, which 
is not the case in the rodent (12-14). The expression of D2 in 
the myocardium raises the possibility that, in humar\s, this 
tissue can respond not only to changes in plasma T3, but also 
to those in T4. Thus, the human heart may resemble the 
pituitary and brain with respect to sources of intracelltilar T3. 
This could contribute to the sensitivity of pulse rate to min- 
imal increases in circulating T4. The contribution of the T3 
generated by the action of D2 to total myocardial T3 in the 
human heart under normal or pathological conditions re- 
mains to be determined. However, it seems likely that with 
respect to the potential for the intracellular T4 to contribute 
to intracellular T3 in this organ, rodents are not a faithful 
model of the human situation. 

Studies of the effects of thyroid hormone on the myocar- 
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dium of experimental animals are often performed by giving 
exogenous T4 or T3 to hypothyroid rats, generally in large 
excess, for relatively short time periods. Although this has 
allowed the identification of number of Ts-responsive genes, 
including a- and i3-MHC, SERCA II, HCN2 as well as 
inducing acute changes in the cardiac physiology of the hy- 
perthyroid animal, it does not faithfully replicate the patho- 
physiology of human hyperthyroidism. Clinical hyperthy- 
roidism is typically present for at least 6 months in a 
progressively more symptomatic form before coming to 
medical attention (1). Biochemically, e.g. in terms of sup- 
pression of serum TSH, it has likely to have been present for 
an even longer period. Usually, there is only a 2- to 3-fold 
increase in serum T4 (1). For these reasons, the animal 
experiments do not accurately replicate human hyperthy- 
roidism. 

To provide a model that might better reflect events in the 
hyperthyroid human myocardium with respect to the 
sources of T3, we have prepared transgenic (TG) mice in 
which human D2 is driven by the mouse a-MHC promoter 
and, therefore, expressed at high levels in the myocardium. 
The mice are systemically euthyroid but have some, but not 
all, physiological, biochemical, and molecular changes in the 
heart consistent with thyrotoxicosis. Perfused hearts were 
tachycardic, had an increase in rate pressure product and a 
decrease in phosphocreatine (PCr) without any changes in 
creatine kinase activity. The HCN2 mRNA was modestly 
increased, but no significant changes were found in the ex- 
pression of a-MHC or SERCA II genes. 

Materials and Methods 

Animals 

All aspects of animal care and experimentation performed in this 
study were approved by the Institutional Animal Care and Use Com- 
mittee of the Beth Israel Deaconess Medical Center and the Brigham and 
Women's Hospital Animals were maintained on a 12-h light/ 12-h dark 
schedule Gigl^t on at 0600 h) and fed laboratory chow and water fl* libitum 
it not otherwise indicated. Experimental hypothyroidism was intro- 
duced by a low iodine, FTU-containing diet (Remington diet, Harlan 
Teklad, Madison, VVI). Hie studies were performed using mice 2-8 
months old. 

Generation and screening of transgenic animals 

The coding region of the hiunan D2 complementary DNA (cDNA) 
(Genethon done supplied by Drs. St Germain and Galton^ Dartmouth 
Medical Center, Lebanon, NH) <md the selenocysteine insertion se- 
quence (SEQS) of rat selenoprotein P (SelP), as a 1.9-kb fragment with. 
Ae potential poly A site, were subdoned between the mouse a-MHC 5' 
ilanidng region and the additional polyadenylation sequence of human 
GH (vector provided by Dr. Jeffrey Robbins, Division of Molecular 
Cardiovascular Biology, University of Cincinnati Medical Center, Cin- 
cinnati, OH) to form plasmid pHn402 (Pig. 1). The entire 8.4-kb trans- 
gene was released from the plasmid pHT14Q2 by BomHI digestion. 
Approximately 4 ng of the gel purified transgene were microinjected 
into each male pronuclei of 1 -day-old mouse zygotes of the inbred strain 
FVB/C57, and these were reimplanted into the uteri of pseudopregnant 
foster mice at The Beth Israel Transgenic Facility. Litters were obtained 
after 21 days. Between age 14 and 18 days, preweaned mice were iden- 
tified by gender, marked by earlobe punching, and approximately 10 
mm of tafl tip was removed for genotyping. Genomic DNA was gen- 
erated by overnight digestion with proteinase K and SDS. After high salt 
precipitation in the presence of SDS, the supernatant was phenol/chlo- 
roforin extracted and DNA precipitated by ethanoL Genomic DNA (10 
/ig) was digested with Xbal (20 UZ/ig of DNA) subjected to electro- 



phoresis through the 1% agarose gel and transferred to GeneScreen Plus 
nylon membranes (NEN Life Science Products, Boston, MA). Hybrid- 
ization was performed using a 0.3 kb Xhal, Accl fragment of rat D2 
cDNA, which is virtually identical in sequence to the mouse and human 
D2 genes (13, 15). The rat D2 cDNA was kindly provided by Drs. St. 
Germain and Galton (Dartmouth Medical Center, Lebanon, NH). Two 
transgenic lines were identified and expanded. Littermates served as 
controb unless indicated. 

Serum and measurements 

Blood was collected after decapitation, centrifuged, sera separated, 
and stored at -20 C until used for assay. RIA for T4 and T3 was done 
in duplicate, using 10 ^d and 50 y\ of each mouse sera respiectively, as 
described earlier (16). Standards were prepared in rat serum, which had 
been depleted of endogenous T3 and T4 by charcoal adsorption. The limit 
of detection was approximately 2 pg of T4 and approximately 1 pg of T3 
per tul?e. 

Determination of myocardial Tj concentration 

Animals were anesthetized by carbon dioxide and decapitated. After 
wide opening of chest cavity, hearts (including both atria and ventride) 
were rapidly dissected from the great vessels, divided in half, rinsed in 
ice-cold PBS, and frozen in liquid nitrogen. Half of each heart, about 50 
mg, was used for measurement of T3 content. Each tissue was homog- 
enized in 1 ml of methanol using a Brinkmann Instruments, Inc. (West- 
bury, NY) homogenizer. For protein measurement, a 50-/jl1 ahquot of 
each homogenate was solubilized by adding 10 ^ of 1 m NaOH. The 
sojubilized protein was diluted in water and concentration of protein 
was measiued using Bio-Rad Laboratories, Inc. (Hercules, CA) protein 
assay kit. To assess the recovery of T3, approximately 500 cpm of the high 
specific activity ('^l-Ta (NEN Life Science Products, Boston, MA) were 
added to the rest of each homogenate and counted. Homogenates were 
then spim for 20 min at 5,000 x g and the supernatant mixed with 2 ml 
of chloroform. Thyroid hormone was extracted into aqueoiis solution by 
two successive Oi ml aliquots of 0.4 m NH4OH. The supematants were 
pooled after centrifugation for 20 min at 5,000 x Any possible traces 
of chloroform in pooled supematants were removed by adding 1 ml of 
ethyl ether and gravity separation. Samples were then evaporated in a 
lyophilizer (Freezem<i>ile 12 SL, The Virtis Co., Gardiner, NY) and 
redissolved in 400 y\ of 0.01 m NaOH. Each sample was again counted 
to determine the T3 recovery which ranged from 60-75%. Duplicate 
samples of solubilized T3 were assayed in sodium salicylate /0.2 m gly- 
cine acetate buffer, pH 8.6, using specific and sensitive rabbit polyclonal 
T3 antibodies (17, 18). Standards were prepared in O.Ol m NaOH and 
ranged from 05-16 pg of Ta/tube. Additionally, the same aliquot of each 
sample and standard was used to determine nonspecific binding of [*^II 
T3 in the absence of Tj antibodies. This did not differ between standards 
and samples (18). Linearity of measurement was confirmed by assay of 
four serial 2-fold dilutions of T3 extracts from rat heart and liver. 

Perfusion protocol 

Mice of both genders from both lines were heparinized (5(XK) U/kg 
BW, adounistered ip) 10-15 min before cervical dislocation. Their hearts 
were excised and immediately arrested by placing in ice-cold perfusion 
buffer. After cannulation of (he aorta, each heart was perfused by the 
Langendorff method at constant pressure of 80 mmHg and at 273 C with 
modified Krebs Henseleit bicarl>oitate buffer (1 18 mM Nad, 4.7 mM KCl, 
1.2 nvM MgS04-7H20, 25 mM Caa2*2H20, 0.5 mM NajEDTA, 25 mM 
NaHC03, 10 mM glucose, and 05 mM pyruvate). All buffers were gassed 
with 95% 02/5% CO2 to give a pH of 7.4 at 37 C. 

Cardiac function was recorded as the rate presstire product (RPP), the 
product of heart rate and left ventricular developed pressure (LVDP), using 
a water-filled polyethylene balloon in the left vaitride The size of the 
balloon was carefully matched to the size of the ventricle (19). The balloon 
was connected via a water-filled tube to a pressure transducer (Stratham 
P23Db, Gould, Oxnard, CA) attad\ed to a MacLab (ADInstruments, Mil- 
ford, MA) artalog digital converter, sampling at 200 samples/sec The 
balloon was inflated to give an end diastolic pressure (EDP) of approxi- 
mately 8 mmHg. Intraventricular pressure de\'elopment was prevented by 
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inserting a short piece of polyethylene (PElO) tubing through the apex of 
the left ventricle. 

Hearts were placed in a 10 mm NMR tube, and the effluent from the 
heart was suctioned from above. The effluent flow rate was measured 
in a volumetric container, which allowed the coronary flow rates to be 
calculated. The perfusion system was then placed into the magnet at the 
correct height to give 80 mmHg pressure at the level of the heart. The 
temperature of the system was maintained at 37,5 C by external heating 
of the NMR tube with warm air and by keeping all perfusion buffers in 
water jacketed containers (20). Each group of hearts was subjected to a 
stabilization period of 30 min, during which the probes were tuned and 
the magnet shimmed. Following that, two 8 min spectra were acquired. 
At the end of each experiment the hearts were blotted and weighed, and 
stored at -80 C. 

^^P NMR spectroscopy and data analysis 

Sf>ectra were acquired using a GE-400 wide bore Omega NMR spec- 
trometer (GE, Fremont, CA) operating at the resonance frequency of 
161.94 MHz. A 10-mm glass NMR tube (Wilmad, Buena, NJ) containing 
the isolated heart preparation was inserted into a custom bxiilt *H/^^P 
double-tuned probe (Morris Instruments, Ontario Canada) situated in 
the center of a 9.4 T superconducting magnet. The spectra were acquired 
as described previously (20, 21). Quantification of ATP, PCr and Pi 
concentrations from spectral peak areas was achieved using biochem- 
ically determined ATP concentration in a separate group of hearts which 
were freeze-damped after the same period of perfusion. The ATP res- 
onance area (average of a and y phosphate areas) divided by the wet 
weight (mgww) of each heart was used to convert the resonance areas 
of the other phosphorus contaiiung metaboUtes using their saturation 
factors previously determined in our laboratory for PCr (1.2) and inor- 
ganic phosphate. Pi (1.15), relative to ATT. Myocardial pH was esti- 
mated using the chemical shifts of the Pi peak relative to the PCr peak 
using titration curves determined previously in our laboratory (pH = 
ppm'0-724 + 3.5455 were ppm reflects the chemical shift between Pi and 
PCr). Cytosolic free ADP concentration was calculated using the equi- 
h'brium constant of the CK reaction (K^ = 1.99 X 10^ m"') and using 
metabolite values obtained by NMR spectroscopy and biochemical anal- 
ysis (22, 23). 

Biochemical analysis 

A separate group of hearts was freeze-clamped after the same period 
of perfusion. These were stored at -80 C, and used for biochemical 
determination of ATP,. PCr, Creatine (Cr), glucose-6-phosphate (G6P). 
ATP, PCr, Cr, glycogen, and G6P were extracted in 6% perchloric add 
and assayed using spectrophotometric techniques as described (24). 
ATP, PCr, Cr, and G6P results were calculated in mmol/mg of protein 
and expressed in mM concentration using the conversion factor 0.17 
(protein/ wet weight ratio) and factor 0.48 (water/ wet weight ratio). For 
^ycogen measurements the wet/dry weight ratio of each heart was 
determined, and results expressed as /imol/g dry wt (/unol glucosyl 
units/g dry wt for glycogen). Creatine kinase activity (CK J and the 
amount of this activity attributable to each isoenzyme of CK as well as 
adenosine kinase (AK) activity were measured using methods previ- 
ously described (25). The cardiac tissue was homogenized for 10 sec at 
4 C in potassium phosphate buffer containing 1 mmol/Uter EDTA and 
1 mmol/liter p-mercaptoethanol, pH 7.4 (jfinal concentration of 5 mg 
tissue/ml). Triton X-100 was then added to the homogenate at a final 
concentration of 0.1%. The CK activity was measured in tissue homog- 
enates at 30 C (25). CK activities were measured in units of lU per mg 
protein and converted to mM/sec using the measured concentrations of 
cardiac protein, assayed in the samples before the addition of Triton 
X'lQO using the Lowry method (26). All values are expressed as mw/sec 
at 37 C (the results were multiplied by the factor 1.8 to convert from 
30-37 Q. The percent of total CK activity attributable to each isoenzyme 
was measured using a Helerw Cardio-Rep CK isoenzyme analyzer 
(Beaumont, TX) (25). 

Deiodinase assays 

Tissues were homogenized on ice in buffer containing 1 x PE (0.1 m 
potassium phosphate and 1 mM EDTA), 250 mM sucrose and 10 mM DTT 



(pH 6.9). D2 assays were performed in the presence of 1 nM T^ with or 
without 1 mM PTU and/or 100 nM T3, as described earlier (27). 

Isolation and analysis ofRNA 

RNA was extracted from the tissue using TriS^l reagent (Life Tech- 
nologies, Inc., RockviUe, MD) according to the msmufacturer's protocol 
and RNA concentration was estimated from the A260 value. Northem 
artalysis was performed using of 10 ptg total RNA by standard methods 
as described earlier (7). A mouse HCN2 cDNA fragment (—0.5 kb) was 
made by RT-PCR from euthyroid mouse cortex RNA (7). Spedfic 
a-MHC oligonucleotide was a gift of E>r. W. H. Dillmann (Department 
of Medidne, Division of Endocrinology and Metabolism, University of 
California San Diego, La Jolla, CA) and 0-MHC oligonudeotide was 
obtained from Life Technologies, Inc. (Rockville, MD). Both oligonu- 
cleotides were designed from the nonhomologous 3' regions of the. 
mouse myosin heavy chain cDNAs and have been described earlier (28). 
Mouse p-actin cDNA was a gift of Dr. B. M. Spiegelman (Dana Farber 
Cancer Institute, Boston, MA). Rat cyclophilin cDNA was a gift of Dr. 
G. Adler and W. Chin (Brigham and Women's Hospital, Boston, MA). 
Labeling of a- and ^-MHC probes was performed by 5' end-labding 
method using T4-polynucleotide kinase from New En^and Biolabs, Inc. 
(Beverly, MA) and [-^Pl ATP from NEN Life Sdence Prxxiucts (Boston, 
MA). TTie remaining probes were radiolabeled using standard random 
nanomer method and [o^^] dCTP. 

Statistical analysis 

All results are expressed as means ± sem. Statistical ancJysis was 
done using SPSS, Inc. program version 8 (Chicago, IL). WT and TG mice 
were compared using ANOVA or Student's t test. 

Results 

Transgene expression 

The transgene construct, pHT1402 is shown in Fig. 1. 
Southern blotting identified a 3-kb Xbal fragment of the 
mouse type 2 deiodinase {dial) gene as well as a 1.35-kb band 
of the human D2 transgene both containing sequences ho- 




FlG. 1. The himaan type 2 iodothyronine deiodinase (hDg) transgene 
construct (pHT1402) in the pBS2-SK+ vector. The entire region 5' to 
the translation initiation codon in exon 3 of the mouse a-MHC gene 
was used to drive the tissue-specific expression ofhDa- The hDg coding 
sequence was flanked at the 3' position by the SECIS element of rat 
SelP to allow for insertion of selenocysteine. BamHl was used to excise 
the transgene for oocyte ii^jection. Mouse genomic DNA was digested 
with Xbal. TG mouse DNA produced a 1.37-kb fi-agment of the trans- 
gene (lanes 2 and 3 on the inserted picture) and a 3.67 kb native mouse 
D2 band (lanes 1 to 4), which hybridized with an XbaJ^ Accl coding 
fragment of rat D2 cDNA. 
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mologous to the fragment of the second exon of the rat diol 
gene used as a probe (Fig. 1). Two founders, one female and 
one male, were selected and bred. Based on inheritance and 
the signal intensity, line 1 had about 50 copies of transgene 
in the same chromosome and line 2, about 50 copies of 
transgene in at least two different chromosomes. Neither line 
exhibited any phenotypic developmental abnormalities nor 
showed any increased mortality. The growth rate, body 
weight (BW) and heart to body weight ratio (H/BW) were 
not statistically different between WT and TG mice (estimat- 
ed marginal means for 14 week old mice were: 24.3 g vs. 
24.0 g, P = 0-87 for BW and 4.32 mg/g vs, 4.14 mg/g, P = 0.59 
for H/BW ratio). Both WT and TG males had slightly larger 
body weight then age-matched females (estimated marginal 
means for 14-week-old mice were 26.8 for males and 21.7 for 
females, P = 0.16, WT plus TG combined). 

Northern blot analysis in both lines confirmed a high level 
of transgene expression in the heart and lungs, the organs 
where the a-MHC gene is normally expressed (29). The D2 
activity in the TG heart was almost 100 and 1000 times higher, 
respectively, than in the pituitary gland or in the cortex 
where D2, but not the a-MHC gene, is normally expressed. 
The kinetic studies of outer ring T4 deiodination showed, 
typical for D2, Km of about 1 nM, and lack of PTU inhibition. 
There were no age (tested by the regression analysis, R = 



0.27, P = 0,32) or gender-dependent significant differences in 
transgene expression (males 58.7 ± 8, and females 81 ± 8 
pmol of I released /mg-h, P = 0.09, n = 11 for males and n = 
5 for females). Based on a 2 h assay with 300 fig of myocardial 
protein, wild-type mouse heart did not contain D2 activity 
and no mD2 mRNA was found by Northern analysis. 

Thyroid hormone concentrations in myocardium and blood 

The myocardial T3 concentration was 12.8 ± 0.9 ng ofT^/g 
of protein in TG (n = 17) and 11.2 ± 0.8 ng of Ta/g of protein 
in WT mice, P = 0.2 (n = 15). There was a tendency for the 
myocardial T3 to be higher in TG than in WT males, but this 
was not statistically significant (14.8 vs, 11.4 ng of Ta/g of 
protein, P = 0.09). There were no significant differences in 
myocardial T3 content between lines 1 and 2 (11.3 and 13.6 
ng of Ta/g of protein, P = 0.31). Serum T3 and T4 concen- 
trations were not different between TG and littermate WT 
mice indicating that there was no significant increase in 
systemic T3 production (0.48 vs, 0.53 ng/ml, P = 0.15, n = 48 
and 27-7 vs, 27.7 ng/ml, P = 0.96, n = 49 for T3 and T4, 
respectively). There were no gender differences in serum T3 
and T4 concentrations (0.50 vs. 0.51 ng/ml, P = 0.63 and 28.3 
vs. 27.1 ng/ml, P = 0.91, males vs. females, respectively). 
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Fig. 2. Physiological parameters (A) and results of ^^P NMR spectroscopy (B) during isolated perfusion of mouse hearts (mean and sem for the 
8 WT and 8 TG hearts expressed as % of the mean WT values. * P < 0.05). LVDP, Left ventricular developed pressure; HR, heart rate; RPP, 
rate pressure product, +dP/dT, rate of systolic pressure rise; -dP/dT, rate of diastolic pressure fall; Pi, inorganic phosphate, PCr, phospho- 
. creatine; TP, total phosphate; *, P < 0.05. In WT hearts mean LVDP = 91 mm of Hg, HR = 284 beats/min, RPP = 25842 mm of Hg^beatsAnin. 
C, Representative *^P NMR spectra of a WT and a TG heart. 
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Myocardial function and high energy phosphate compounds 

Myocardial performance parameters are shown in Fig. 2A. 
The perfused TG and WT hearts (8 littermate and 4 inbred 
FVB/C57 wild-type mice matched for age and gender) were 
the same size. Transgenic hearts exhibited greater basal car- 
diac function as reflected in a higher basal heart rate and rate 
pressure product, although 2/3 of this effect was due to the 
increase in heart rate (Fig. 2A). Therefore contractile function 
(expressed as RFP/g) in the TG hearts was increased about 
25% compared with wild-type hearts (2.87 ± 0.23 X 10^ 
mmHg/min/gww vs, 2.18 ± 0.12 x 10^ mmHg/min/gww; 
P 0.014). There was no difference in +dP/dt between 
groups (TG mice: 4222 ± 381 mmHg/sec us. WT mice: 3843 ± 
121 mmHg/sec; P - 0.08). Similarly, there was no increase 
in the relaxation rate in the transgenic hearts at baseline (TG 
mice: -2327 ± 228 mmHg/sec vs, WT mice: -2550 ± 95 
mmHg/sec; P = 0.18). 

We also assessed the consequences of mild chronic myo- 
cardial thyrotoxicosis by ^^P NMR spectroscopy and direct 
biochemical measurements. The spectral analysis showed a 
decrease in PCr and PCr/ ATP and calculated ADP values in 
TG hearts (Fig. 2, B and 2C). Biochemical measurements 
confirmed lower PCr as well as showing depressed total 
creatine concentration in TG hearts (Table 1). The levels of 
ATP, Pi and free energy of hydrolysis of ATP were un- 
changed in the TG hearts. The calculated intracellular pH 
was also vinchanged. There was no difference in the myo- 
cardial levels of glycogen or glucose-6-phosphate (G-6-P). 
CK activity in the transgenic heart was imchanged (51.0 ± 7.0 
mM/sec in WT and 48.9 ± 3.0 mM/sec in TG mice, P = 0.79, 
n = 4 for each group) and there were no differences in the 
activity of CK isoenzymes (Table 1). 

Effects of myocardial thyrotoxicosis on thyroid hormone 
responsive genes 

We evaluated the effect of myocardial D2 expression on 
the mRNA concentraHons of a-MHC, p-MHC, SERCA 11, and 
HCN2 in the ventricular myocardium by Northern analysis 
(Fig. 3). The mRNA for the HCN2 gene has recently been 
shown to increase in response to thyroid hormone in rats (7). 



TABLE 1. Effect of trajosgene on concentration of various 
relevant substrates or enzymes 



Substance assayed" 



TG WT 
(mean ± sem) (mean ± seh) 



Glycogen (/tmol/g of dw) 


81.7 




7.7 


73.5 




10.8 


0.55 


G6P(mM) 


0^1 




0.05 


0.53 




0.19 


0-15 


ATP (mM) 


10.8 


± 


0.4 


10.8 


± 


0.6 


0.97 


PCr(mM) 


9.8 




0.3 


15.7 




1.6 


0.01 


Cr(mM) 


19.1 




1.0 


28.9 


± 


1.1 


<0.01 


Mean CK (mM/sec) 


48.9 




3.0 


51.0 




7.0 


0-79 


MB CK (mWsec) 


1.98 




0.09 


2.16 




0.34 


0.61 


BB CK (mM/sec) 


0.84 




0.17 


0.64 




0.08 


0-33 


MM CK (mM/sec) 


27.9 




1.8 


29.1 




4.0 


0.78 


Mitochondrial CK (mM/sec) 


18.2 


± 


1.3 


19.1 


+; 


2.6 


0.78 


AK (mM/sec) 


6.8 




0.7 


5.3 


+ 


0.9 


0.23 



" All hearts (n = 4 for each group) were perfused for 30 min before 
fireezing. Gr6P, Glucose 6-phosphate; PCr. phosphocreatine; Cr, cre- 
atine; CK, total creatine kinase; MB, BB, MM, cardiac, brain, skeletal 
miisde specific creatine kinase isoenzyme; AK, adenosine kinase. 

^ Statistical analysis was done by t test. 
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Fig. 3. Representative Northern blots of 4 WT and 4 TG myocardial 
total RNA probed for various thyroid hormone responsive genes and 
cyclophilin. The statistical analysis was performed for 12 WT and 12 
TG hearts. Only the differences in HCN2 and ^MHC were statisti- 
cally significant. In all hearts the /3-MHC mRNA was much less 
abundant then o-MHC mRNA such that blots were exposed for 8 days 
for )3-MHC, whereas only 8 h for a-MHC. 

We also found this was increased in TG mice (P < 0.05, n = 
12, Fig. 3). Surprisingly, a-MHC and SERCA U mRNAs were 
not altered (Fig. 3). The /3-MHC mRNA was significantly 
increased in TG hearts, although in the eutliyroid state both 
WT and TG myocardium expressed almost exclusively 
a-MHC mRNA (Fig. 3). 

Thyroid hormone regulation of the a-MHC-Dz transgene 

The expression of D2 mRNA was driven by the a-MHC 
promoter, which is positively regulated by thyroid hormone 
(30). However, because the endogenous a-MHC mRNA was 
not affected by the rather minimal increase in myocardial T3, 
it was not clear if endogenous T3 contributed to the high D2 
expression in TG myocardium. Furthermore, it might be 
expected that increased myocardial T4 to T3 conversion by 
hD2 might protect the heart against hypothyroidism. To 
explore these issues, three groups of TG and WT animals 
were kept on a low-iodine, PTU containing diet for 4, 8, and 
12 days, respectively. This time was chosen based on pre- 
liminary experiments in which D2 activity fell to imdetect- 
able levels after 3 weeks on this regimen. D2 activity in the 
myocardium fell in parallel with the senmn T4 concentration 
with the lowest level foxmd at 12 days (Fig. 4). These results 
confirmed the positive feedback of the D2 transgene by the 
endogenous thyroid hormone. At the same time, there was 
a time-dependent decrease in a-MHC and an increase in 
/3-MHC mRNA levels in both TG and WT myocardium (Fig. 
4). There was no statistically significant difference between 
WT and TG mice in the a-MHC, jS-MHC, or SERCA mRNA 
level (by ANOVA, P > Q25 for the effect of transgene on the 
expression of each mRNA) during induction of hypothy- 
roidism suggesting that there was no protection of myocar- 
dial thyroidal status by myocardial hD2 (Fig. 4). 

Disciission 

D2 activity and mRNA level in the TG myocardium was 
extremely high, about 1000 times that in the normal euthy- 
roid cortex with no activity detectable In WT hearts, con- 
firming the strong transcriptional activity of a-MHC pro- 
moter. D2 activity was also present in lung because the 
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Fig. 4. a, Changes in SERCA 11; b, a-MHC; and c, ^-MHC mRNA during induction of hypothyroidism in WT and TG myocardium. All mRNA 
values are shown as a percentage of mean baseline mRNA level for TG mice. There were no significant differences between WT and TG mice 
as analyzed by ANOVA, d, Changes in D2 transgene activity in TG hearts paralleled the changes in a-MHC mRNA 



a-MHC promoter also directs expression in the intimal walls 
of the veins and venules in that organ (29). The most sur- 
prising result of the experiment was the absence of a major 
effect on the myocardial T3 concentration considering the 
level of r>2 expression. In the cerebral cortex, for example, 
much lower D2 activity results in sufficient local T3 produc- 
tion to saturate approximately 80% of the thyroid hormone 
receptors (9). The failure of tissue T3 concentrations to rise to 
higher levels could have a number of explanations. D2 ac- 
tivity is expressed or\ly in myocytes, which make up only 
about 50% of the myocardial cells and account for about 70% 
of the total myocardial proteins (3). Because the T3 concen- 
tration was measured in whole heart homogenate and de- 
nomiiuited by total myocardial protein, the difference be- 
tween WT and TG is slightly underestimated. Nevertheless, 
even if corrected for the above factor, the increase in myo- 
cardial T3 concentration is quite modest This finding cannot 
be explained by the artifactual degradation of T3 during 
tissue processing because there was no significant degrada- 
tion of T3 in tissue homogenate when incubated at 4 C for 6 h 
(data not shown). Nor can it be explained by intracellular T4 
to T3 conversion in WT myocardiima because this is not 
detectable. 

There are other potential factors that could lead to lower 
T3 production than one might anticipate based on the results 
of in vitro D2 assays. An as yet tmidentified thiol-containing 



cellular cofactor is required for iodothyronine deiodination. 
Because the mouse myocyte does not normally convert T4 to 
T3, the level of this cofactor may be much lower than in brain, 
pituitary gland or brown fat. Alternatively, there may be 
limited T4 uptake by the rodent myocyte The moleiailar 
mechanism for T4 and T3 transport is oidy now being un- 
raveled. One report indicates that T4 transport into the heart 
is not temperature-dependent as is that of T3, suggesting that 
it may not be an active process (31). Furthermore, when T3 
is produced, it may well diffuse rapidly from myocytes into 
the circulation due to the high myocardial blood flow. Al- 
though this is an attractive hypothesis, the similar concen- 
trations of serum T4 and T3 in the sera of the TG and WT 
animals imply that the rale of total body conversion of T4 to 
T3 is not sig^iificantly increased by the expression of D2 in the 
myocardium. In all species examined to date, the fraction of 
T4 converted to T3 per 24 h in the whole animal is less than 
50% (32, 33). If that fraction were to increase significantly, one 
would expect a downward adjustment of T4 production by 
the hypothalamic-pituitary feedback system such that the 
serum T4 might well be reduced with no change or perhaps 
a slight increase in serum T3. The opposite change in serum 
T4 has been documented in the C3H mouse in which a genetic 
decrease in Dl expression causes a 2-fold increase in circu- 
lating T4 but no change in serum T3 (34, 35). The intact mouse 
is a closed system so that thyroid status must remain constant 
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despite any changes in the relative fraction of T4 to T3 
conversion. 

Thyroid hormone response elements have been identified 
in the murine a-myosin heavy chain promoter, which was 
used to induce myocardial-specific D2 expression (29, 30). 
Thxxs, one would anticipate that a feed-forward mechanism 
rnight be present in the TG myocardium to increase D2 
expression. The sensitivity of D2 expression to thyroid hor- 
mone is apparent from the results in Fig. 4. We took advan- 
tage of the sensitivity of the endogenous a- and j3-MHC 
promoters to thyroid status to determine whether the ex- 
pression of D2 would protect the myocardium against the 
effects of hypothyroidism. Although the thyroid hormone- 
dependence of D2 expression makes this experiment more 
problematic than it would be if D2 expression remained 
constant, we found no evidence that the transgene affects the 
onset of hypothyroidism-induced changes in myocardial 
gene expression (Fig. 4). 

There was remarkably little effect of the transgene expres- 
sion on the mouse. Growth rates were not different between 
TG and littermate controls and there was no alteration in the 
ratio of heart to body weight, which is a parameter com- 
monly increased by excess thyroid hormone (36). This is 
consistent with the concept that the increased protein syn- 
thesis and hypertrophy of the hyperthyroid heart requires 
the increased myocardial work normally associated with 
systemic thyrotoxicosis (36). Unloading the heart by heter- 
otopic cardiac transplantation has been shown to decrease 
overaU protein synthesis and heart weight (37). In the same 
model, thyroid, hormone excess induced increases in a-MHC 
mRNA is seen although unloading of the heart by itself leads 
to similar gene expression rearrangement as occurs in hy- 
pothyroidism (5). h\ euthyroid hearts, for example, there are 
minimal, if any, changes in a-MHC mRNA levels induced by 
treatment with excess thyroid hormone (7, 38). 

The most striking evidence for myocardial thyrotoxicity of 
the TG animals was detected in the performance of the iso- 
lated heart. There was an approximately 20% increase in 
heart rate and an 30% increase in the rate pressure product 
(Fig. 2a). This result is corisistent with earlier studies in iso- 
lated perfused rat hearts where alterations in thyroid status 
cause parallel alterations in basal heart rate (39, 40). It is also 
consistent with the current interpretation that the increase in 
heart rate induced by thyroid hormone is, at least partially, 
intrinsic to the muscle and does not require either changes in 
the autonomic nervous system or circulating catecholamines. 
A potential explanation for the increase in the intrinsic heart 
rate is the increased HCN2 expression found in TG animals. 
We have recently observed that HCN2 is thyroid hormone- 
respwnsive in rats although the major change in this mRNA, 
like that for a-MHC, occurs during the hypothyroid to eu- 
thyroid transition (7). In acutely thyrotoxic rats, there was a 
doubling of HCN2 mRNA from the hypothyroid to euthy- 
roid state but only a 15% further increase during transition 
from euthyroidism to hyperthyroidism. Little is knovm of the 
factors regulating the mouse HCN2 gene. A recent commu- 
nication suggests that it too may be thyroid hormone re- 
sponsive. HCN2 mRNA levels were reduced about 50% in 
hypothyroid mice and were twice normal in hyperthyroid 
mice (41). In addition, the level of HCN2 mRNA was shown 



to be primarily regulated by a rather than by (3 thyroid 
hormone receptors (42). This could account for the fact that 
there was an increase in the mRNA for this gene but not that 
of a-MHC or SERCA II in the TG hearts. Such a species 
difference would also raise the possibility that in humans the 
HCN2 gene might also be positively regulated between the 
euthyroid and hyperthyroid state. ITiis could account for the 
common observation of tachycardia as one of the earliest 
physical manifestations of thyrotoxicosis in humans. Al- 
though an increase in spontaneous heart rate correlated with 
the increase in HCN2 gene expression in the transgenic ven- 
tricles, it is well known that thyroid hormone action may be 
chamber specific and further studies analyzing HCN2 ex- 
pression in atrial pacemaking cells will be needed to deter- 
mine whether similar effects occur (43). 

In aissociation with the increased intrinsic heart rate, the 
^^P NMR as well as biochemical measurements demon- 
strated a significant reduction in phosphocreatine in the 
transgenic hearts (Fig. 2, B and C, and Table 1). This was 
associated with a decrease in creatine level in the TG mice 
(Table 1). Both of those findings have been reported in the 
myocardium of hyperthyroid rats (20, 44). The decreased PCr 
may make the TG mouse heart more susceptible to ischemic 
challenge with a more rapid decrease in ATP and a greater 
increase in Pi than occurs under normal circumstances. Such 
effects could then lead to decreases in myocardial pH and 
reduced cardiac function (25). Testing to determine the va- 
lidity of such predictions is currently in progress. 

The changes, such in myocardial performance and bio- 
chemistry, induced by chronic D2 overexpression are tinex- 
pected. Some of the more striking alterations in gene expres- 
sion expected on the basis of earlier short-term, high dose of 
exogenous thyroid hormones did not occur. In humans, only 
modest increases in serum T3 and T4 (within the normal 
range) are required to cause suppression of TSH. There is 
considerable controversy about whether or not such sub- 
clinical hyperthyroidism, manifested only by a suppressed 
TSH, is physiologically significant (45). Because the changes 
demonstrated in these mice occur with minimal increases in 
myocardial T3 together with the fact that the human myo- 
cardium also expresses D2 mRNA, modest increases in cir- 
culating T4 and T3 would have similar effects on the human 
myocardium. Supporting this is a recent report that in a 
jgroup of patients with normal thyroid hormone levels but 
suppressed TSH, 24-h Holter monitoring showed an increase 
in heart rate from 71 to 82 beats per minute compared with 
age-matched controls (45). Thus, mice expressinga I>2 tranis- 
gene may provide a model for evaluation of the conse- 
quences of mild chronic thyrotoxicosis on myocardial func- 
tion which is hard to generate by any other technique 
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Catheter-Delivered In Vivo Gene Transfer into Rat 
Myocardium Using the Fusigenic Liposomal 
Mediated Method 

Ken Shinmura, MD, Ryuichi MORISHITA, MD, Motokuni AOKI, MD, 
Jitsuo HlGAKJ, MD, Toshio Ogihara, MD, Yasufiimi Kaneda,' MD, 
artrfMasatoTANI, MD 

Summary 

We compared the efficacy of four different in vivo hemagglutinating vinis of Japan 
(HVJ)-Iiposome gene transfer methods, i.e., direct myocardial injection (IM), injection 
into the left ventricular cavity (LV), infusion at the level of the coronary cusps (CI), or 
injection into the left ventricular cavity with a balloon catheter blocking aortic flow. 
(LV+B) to transfer j3 - galactosidase, FITC-labeled oligodeoxynucleotide (ODN), and / or 
luciferase genes into the rat heart, IM caused highly efficient gene transfer in the limited 
area around the injection site, which suggests that IM may be a suitable method for tar- 
geted treatment of focal lesion. In the LV+B group, all rats had myocardial P - galactosi- 
dase staining and fluorescence of FITC-labeled ODN in the nuclei of cardiac myocytes 
around the coronary arteries and the vasa vasorum, and some transfected myocytes were 
observed in the middle of the myocardium without any evidence of injury. In contrast, in 
the CI group, only half of the animals had myocardial expression of galactosidase. In 
contrast, fluorescence or luciferase activity was present throughout the left ventricle in 
the LV+B group. However, the percentage of myocytes that exhibited fluorescence was 
less than 1 % of the total ventricular myocyte population and luciferase activity in the 
LV+B group was 1.6% of that in the IM group. No evidence of luciferase expression was 
observed in brain, lung, liver, kidney, or testis in either the IM or LV+B group. These 
results suggest that HVJ-liposome gene transfer into the myocardium through the coro- 
nary arteries using a balloon-catheter technique is safe and has the potential for causing 
widespread transgene expression with organ-specificity, although the efficiency of gene 
transfer should be improved, (Jpn Heart J 2000; 41: 633-647) 

Key words: Gene therapy, Gene expression, Histopathology, Myocytes, Coronary cir- 
culation 

Recent advances in molecular biology techniques have provided genetic 
information about cardiovascular diseases. Further, gene therapy represents a 
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potential strategy for the treatment of cardiovascular diseasesJ*^^ In fact, several 
gene transfer methods, including adenoviral and liposomal transfer, are being 
used clinically for human gene therapy for certain diseases. However, the use of 
gene therapy to treat cardiac diseases has been limited because it is very difficult 
to transfect cardiac myocytes efficiently in vivo. Recent reports have suggested 
that adenoviral vectors can be used as an efficient means of myocardial transfec- 
tion via direct injection or coronary infusion.^ However, because of theoretical 
disadvantages, in addition to concerns about safety,^'^^ there are continued efforts 
to develop novel vector systems for myocardial transfection. 

We have previously demonstrated efficient gene transfer into the rat 
heart using a Hemagglutinating Virus of Japan (HVJ)-liposome method 
that has been used to transfect blood vessels, liver, and kidney. We have 
employed three different approaches to transfect the heart using HVJ-lipo- 
somes: direct myocardial injection, coronary infusion, and pericardial 
incubation.***^ However, we have not compared the transfection efficiency 
of the three approaches. In addition, it is important to develop catheter- 
based methods for the clinical applications of gene transfer since direct 
myocardial injection or pericardial incubation may potentially damage cor- 
onary arteries or provoke arrhythmias while catheter-based methods can 
be used during a usual catheterization procedure. Development of in vivo 
methods of gene transfer via catheter-based techniques may provide an 
approach for treating myocardial diseases including myocardial infarction 
and cardiomyopathy. 

In this study we evaluated the transfection efficiency of four different 
transfer methods: 1) direct injection into the myocardium, 2) injection into 
the left ventricular cavity, 3) infusion at the level of the coronary cusps, 
and 4) injection into the left ventricular cavity with blockade of aortic 
flow by a balloon catheter. We assessed transfection efficiency using the 
luciferase gene, as well as the tissue distribution of transgene expression 
and oligodeoxynucleotide (ODN) distribution using the P - galactosidase 
gene and FITC-labeled ODN, respectively. Moreover, the tissue-specific- 
ity of transgene expression using these approaches was also examined. 

Materials AND Methods 

Construction of plasmids and FITC-Iabeled ODN: We obtained a j8 - galacto- 
sidase gene expression vector driven by the SV 40 promoter (LacZ Ncl) 
from a commercial source (Promega Corporation, Madison, WI). The 
luciferase gene expression vector was driven by the EB virus promoter 
(pEBT LuCNII).^**^ We also constructed a control expression vector without 
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the luciferase gene driven by the EB virus promoter. FITC-labeled ODN 
v/ere purchased from Nihon-Seifun (Gunma, Japan). FITC was added to 
the 3* and 5' ends of the ODN (16 base pairs: 5'-CCT-TGA-AGG-GAT. 
TTC-CCT-CC-3'). The ODN were lyophilized, resuspended in PBS, and 
quantified by spectrophotometry." '^^ 

Preparation of HVJ-liposome: HVJ (Sendai virus; Z strain) was propagated 
in chorioallantoic fluid of erabryonated eggs.'*"'^^ Briefly, HVJ was col- 
lected by centrifugation at 27,000 g for 40 minutes and resuspended over- 
night in BSS(-) (137 mM NaCl, 5.4 mM KCl, 10 mM Tris-HCl, pH 7.6). 
This procedure was repeated at least twice. The resuspended HVJ was 
stored at -4°C and used within 1 week after purification. The hemagglu- 
tinating activity of HVJ was determined as described previously.***''*^ A 
measurement of 1 absorbance unit at 540 nm for an HVJ suspension (1 
mg/m/ protein) was equivalent to 15,000 HAU/ ml of fusigenic activity. 
The preparation of the HVJ-liposome complex has been previously 
described. Briefly, phosphatidylserine, phosphatidylcholine, and cho- 
lesterol were mixed in tetrahydrofiiran at a weight ratio of 1 : 4.8 : 2. The 
lipid mixture (10 mg) was deposited on the sides of a flask by removal 
of the tetrahydrofuran using a rotary evaporator. The dried lipid was 
hydrated in 200 fil of balanced salt solution (BSS; 137 mM NaCl, 5.4 mM 
KCl, 13 mM Tris-HCl, pH 7.6) containing plasmid-HMG (high mobility 
group)-l complex (200 /ig : 64 ;xg), which had previously been incubated 
at 20°C for 1 hr. Liposomes were prepared by shaking and sonicating the 
mixture. Purified HVJ (Z strain) was inactivated by UV irradiation (110 
erg / mm^ / sec) for 3 min just before use. The liposome suspension (0.5 
m/, containing 10 mg of lipid) was mixed with HVJ (30,000 HAU) in a 
total volume of 2 m/ of BSS. The mixture was incubated at 4®C for 10 
min and then for 30 min with gentle shaking at 37**C. The Free HVJ was 
separated from the HVJ-liposome complex by sucrose density gradient 
centrifugation. The final concentrations used in the present study were 20 
|ig / ml for the HVJ-liposome complex and 1 /zM for the FITC-ODN. We 
used HMG-1 with HVJ-liposome complex to enhance the migration of 
plasmid DNA into the nucleus. '^'^'^ However, HMG-1 was not used for 
ODN transfer because ODN can easily migrate into the nucleus without 
HMG-1. 

//f v/r(7 myocardial gene transfer: Male Sprague-Dawley rats (300 to 350 g; 
Charles River Breeding Laboratories, Kanagawa, Japan) were anesthetized 
with an intraperitoneal injection of sodium pentobarbital (20 mg /kg). Rats 
were then intubated and mechanically ventilated. Following the transfec- 
tion summarized below and in Figure 1, rats were sacrificed 5 days (plas- 
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mids) or 2 days (FITC-labeled ODN) after transfection. The protocols used 
in the present study conform to the principles set forth in the Guide for 
the Care and Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication No. 85-23, revised 1996). 
Direct myocardial injection (IM group: n-15) : HVJ-liposomes (400 fil) 
were carefully injected through a left lateral thoracotomy directly into the 
anterior wall and apex of the heart using a 30G needle. The chest incision 
was then closed. 

Direct injection into the left ventricular cavity (LV £roup: n=12) : HVJ - 
liposomes (800 fil) were carefully injected directly into the left ventricular 
cavity through the anterior wall using a 30G needle via a left lateral tho- 
racotomy. The chest incision was then closed. 

Aortic cusp infusion (CI Group: n^lOh The right common carotid artery 
was surgically exposed. A cannula (PE50) was introduced into the com- 
mon carotid artery, and advanced to the level of the aortic valve through 
the ascending aorta. The cannula was positioned at the aortic cusp just 
above the aortic valve for infusion of the HVJ-liposomc complex (800 ///) 
over 10 sec at room temperature. After infusion, the cannula was removed. 
No adverse neurologic or vascular effects were observed in any of the ani- 
mals undergoing this procedure. 

Direct injection into the le ft ventricular cavity with blockade o f ascending 
aortic flow by a balloon catheter (LV+B Group: n=13) : The right com- 
mon carotid artery was surgically exposed. A balloon catheter (Fogarty 2F, 
Baxter, Tokyo, Japan) was introduced into the common carotid artery and 
advanced to the level of the aortic valve as described above. The balloon 
was inflated with 0.3 ml of air and positioned at takeoff of the brachio- 
cehalic artery during the infusion of the HVJ-liposome complex. HVJ-lipo- 
somes (800 /jJ) were injected directly into the left ventricular cavity as 
described above. The chest incision was then closed and the balloon cath- 
eter removed. 

Analysis of luciferase activity: Firefly luciferase activity was measured 
using a luciferase assay system (PieaGeneTM; Toyo-Inki, Tokyo, Japan). 
Rats were sacrificed 5 days after transfection as described above. The 
hearts were rapidly excised and frozen in liquid nitrogen. In some rats, 
the entire left ventricle was homogenized in lysis buffer. In other rats, the 
left ventricle was divided into four regions: anterior wall, septum, poste- 
rior wall, and apex. Each portion was homogenized separately in lysis 
buffer. The brain, lung, liver, kidney, and testis from some of the rats in 
the IM and LV+B groups were isolated and homogenized in lysis buffer. 
Tissue lysates were centrifiiged (3000 rpm, 10 min), and 20 fil of super- 
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natant was mixed with 100 ill of luciferase assay reagent. The measure- 
ment of luminescence was initiated 5 sec after addition of sample and 
continued for 10 sec. The chemiluminescence (light intensity) produced 
during 10 sec was used for the calculation of luciferase activity. The 
luciferase activity in each sample was corrected for protein content and 
expressed as light intensity / mg protein. 

Staining for ^-Galactosidase: Histochemical analysis for ^ - galactosidase 
was performed 7 days after transfection with the HVJ-liposome complex 
containing the J3 - galactosidase gene.'®> Rats were sacrificed 3 days after 
transfection and tissues were fixed with 1% glutaraldehyde in PBS for 3 
hr at 4'*C. After fixation, the tissues were processed in a standard manner. 
Specimens were stained with 5-bromo-4-chloro-3-indolyl-^D-galactoside 
as previously described.^*'^ Sufficient buffered X-gal chromagen solution 
was added to cover the tissue shces. Buffered X-gal solution was prepared 
from solution A and solution B (A : B = 1 : 99) [solution A ; 49 mg 5- 
bromo-4-chloro-3-indolyl-/}-D-galactoside dissolved in 1 ml dimethylfor- 
mamide, solution B : 1 M MgCl^ and 3 M K,Fe (CN), dissolved in PBS]. 
After an overnight incubation, the sections were mounted and analyzed by 
microscopy. In order to determine the degree of background staining, 
hearts transfected with HVJ-liposome complex containing a control vector 
lacking the j3 - galactosidase gene and untransfected hearts were processed 
in the same manner. 

Morphologic analysis of FITC-ODN: HVJ-liposome complex containing 
FITC-labeled ODN (1 /xM) was transfected using one of two methods: 1) 
direct myocardial injection (IM group; Figxire lA), and 2) direct injection 
into the left ventricular cavity with blockade of ascending aortic flow by 
a balloon catheter (LV+B Group; Figure ID). Rats were sacrificed, perfu- 
sion-fixed with 4% paraformaldehyde, and the tissue processed in a stan- 
dard manner Sections were examined by fluorescence microscopy after 
staining with eriochrome black T solution. Elastic fibers, which stain dark 
red with eriochrome black T solution, were readily distinguishable from 
the myocytes containing FITC-labeled ODN.'^^^> 

Statistical analysis: All values are expressed as the mean ± SEM, Analysis 
of variance with subsequent Bonferroni's test was used for multiple com- 
parisons. Values of p< 0.05 were considered statistically significant. 
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Figure 1, Schema for in vivo gene transfer. A: IM group: direct myocardial injection. B: LV 
group: Injection into the left ventricular cavity. C: CI group: the aortic cuspid infusion. D: LV+B 
group: Injection into the left ventricular cavity with blocking of ascending aortic flow by a balloon 
catheter 



Results 

jS-Galactosidase staining in the myocardium: Direct injection of the HVJ- 
liposome complex containing the - galactosidase vector into the myocar- 
dium (IM group) resulted in intense p - galactosidase staining at the injec- 
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I^gure 2. Staining for P - galactosidase activity in hearts transfected with 
the ^ • galactosidase gene in the IM and LV+B groups. (A) p • galactosidase 
staining of myocytes transfected with control vector (x200) in the IM 
group; (B) p* galactosidase staining in the IM group (x 200, arrow indi- 
cates the injection site); (Q ^- galactosidase staining in the LV+B group 
(x 200, arrow indicates positively stained myocytes around the coronary 
arteries and the vasa vasorum). 
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tion site 5 days after transfection (Figure 2B), which is consistent with 
our previous findingsJ^^ All of the rats in the IM group exhibited evidence 
of myocardial staining. Although the percentage of cells around the injec- 
tion site that contained P - galactosidase was very high (approximately 
80%), the staining was limited to around the injection site. In addition, 
significant injury and fibrosis were observed at the injection site (arrow 
in Figure 2B shows the injection site). In order to avoid injury and fibrosis 
by direct injection, we also performed direct injection into the left ven- 
tricular cavity (LV group). Compared to the IM group, there were fewer 
myocytes that contained - galactosidase. Although the staining was 
detected primarily in myocytes around the coronary arteries (data not 
shown), p - galactosidase activity was present in only 1 of the 4 rats in 
the LV group (25%). 

Based on these results, we attempted to infuse the HVJ-liposome 
complex into the coronary arteries for in vivo myocardial gene transfer. 
Direct infusion of HVJ-liposome complex at the level of the aortic cusp 
(CI group) resulted in staining of myocytes for P - galactosidase activity, 
but with no evidence of injury (data not shown). Myocytes staining for 
f} - galactosidase were observed around the coronary arteries and vaisa 
vasonun. However, only 2 of the 4 rats (50%) transfected with the fi- 
galactosidase vector exhibited evidence of staining. The low frequency of 
transfection may be due to technical difficulties associated with maintain- 
ing the position of the catheter in the coronary artery. 

To increase the volume of HVJ-liposome complex delivered into the 
coronary arteries, we injected the HVJ-liposome complex into the left ven- 
tricular cavity while blocking ascending aortic flow with a balloon catheter 
(LV+B group). Numerous cardiac myocytes stained for ^-galactosidase 
activity around the coronary arteries and vasa vasorum (Figure 2C, arrow). 
Furthermore, transfected myocytes were observed in the middle of the 
myocardium (Figure 2C). All of the rats transfected with the P • galactosi- 
dase vector in the LV+B group exhibited evidence of staining (100%). 
There were no myocytes that stained for P - galactosidase activity in rats 
transfected with a control vector (Figure 2A) or in untransfected rats (data 
not shown). No evidence of cytotoxicity or inflanunation caused by the 
HVJ-liposome complex was observed in the LV+B, IC, or LV groups. 
Comparison of FTTC-Iabeled ODN distribution between the EVf and LV+B groups: 
To characterize the localization of transfected cells fiirther, FITC-labeled 
ODN were also used to transfect cells. As shown in Figure 3C, fluores- 
cence was observed in the nuclei of cardiac myocytes in both the IM and 
LV+B groups 2 days after transfection. In the IM group, myocytes show- 
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Figure 3. Fluorescence in hearts tiansfected with FTTC-Iabeled ODN in 
the IM and LV+B groups. A: Fluorescence at the injection site in the IM 
groiq) (x 200, arrow indicates the injection site). B: Myocardial fluores- 
cence in the LV+B groiip (x 200). C: Myocardial fluorescence in the LV 
+ B group (x 400, fluorescence was observed in the nuclei of cardiac 
myocytes and endothelial cells); 
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ing fluorescence were limited to the area around the injection site. How- 
ever, fluorescence was observed in the nuclei of approximately 90% of 
the myocytes around the injection site (Figure 3B). In contrast, myocyte 
fluorescence was present throughout the left ventricle in the LV+B group. 
The percentage of myocytes that exhibited fluorescence was < 1 % of the 
total ventricular myocyte population. In addition to myocytes, endothelial 
cells in the capillaries also exhibited round fluorescence in the LV+B 
group (Figure 3C). In contrast, few of the endothelial cells in the IM group 
exhibited fluorescence. 

TVansfection efficiency assessed by luciferase activity: We compared the trans- 
fection efficiency of the 4 methods by determining luciferase activity in 
the whole left ventricle (Table). In the LV+B group, luciferase activity was 
1.6% of the value for the IM group (p < 0.01), but was still significantly 
greater than in the LV or CI groups (data not shown). When comparing 
the distribution of luciferase activity in the different regions of the left 
ventricle, luciferase activity was detected only in the anterior wall and 
apex around the injection site in the IM group (Figure 4A). In the LV+B 
group (Figure 4B), luciferase activity was detected in all 4 regions. 
Luciferase activity was greatest in the apex and lowest in the posterior 
wall in the LV+B groups, however, the difference did not reach statistical 
significance. In contrast to the heart, luciferase activity was not detected 
in other tissues (brain, lung, liver, kidney and testis) in either the IM or 
LV+B group. 



Table. Con^iarison of Luciferase Activities Among the 4 Transfected Groups 





IMgroiq> 


LV group 


LV+B group 


CI group 


Number 


6 


6 


4 


4 


HVJ-liposome 
Solution applied (pi) 


400 


800 


800 


800 


Light intensity / mg protein 


24220 ±5970 


30±30*# 


770 ±260* 


90±110»# 


Light intensity / mg protein / m! 
HVJ-liposome solution 


60550 ±13500 


40±30*# 


960±320*# 


U0±140*# 


Relative luciferase activity (%) 


100 


0.1 


1.6 


02 



Groups are as defined in Figure 1 . * :p< 0.05 vs IM group, 0:p< 0.05 vs LV+B group. 
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Figure 4. Distribution of luciferase activity in different regions of the left ventricle in 
the IM (A) and the LV+B (B) groups. AW=anterior wall; S=septum; PW=posterior 
wall; Ap=apex; ND=not detected. 



Discussion 

The ability to express recombinant genes in the coronary vascular sys- 
tem and the myocardium holds promise for the treatment of a number of 
acquired and inherited cardiovascular diseases. Previous in vivo gene 
transfer approaches used in the heart have been limited by a relatively low 
efficiency of gene transduction.*'^^ Recently, many researchers have 
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focused on the use of adenoviral vectors, because they can effectively 
transfect in the myocardiiim.^"^^ However, use of these vectors has some 
theoretical disadvantages including 1) induction of inflammation and 2) 
production of neutralizing antibodies.**^^ Therefore, it is important to 
develop an efficient and safe gene transfer method for the heart. 

The HVJ-liposome method has been shown to be an efficient gene 
transfer method in blood vessels, the kidney, and the liver.""*®-^'^ The 
method utilizes a cell-membrane fusion mechanism which bypasses 
endocytotic uptake. ^^''^'^^^ This approach takes advantage of the ability of 
the HVJ (also known as Sendai vims) envelope to fiise with the cell mem- 
brane at a neutral pH.*^'*^'^^^ Moreover, repeated injections of HVJ-lipo- 
some solution do not attenuate transgene expression, suggesting that 
neutralizing antibodies are not produced.^^^ Recently, we reported that the 
HVJ-liposome method is an efficient and less toxic in vivo myocardial 
gene transfer method.^**^ We have previously employed three different 
methods of transfection using direct injection, coronary infusion and peri- 
cardial incubation. However, we did not compare the transfection effi- 
ciencies of these approaches. Moreover, it is important to develop catheter- 
based approaches for myocardial gene transfer for use in clinical human 
gene therapy. In addition, it is important to develop catheter-based meth- 
ods for the clinical applications of gene transfer since direct myocardial 
injection or pericardial incubation may damage coronary arteries or pro- 
voke arrhythmias during open chest surgery while catheter-based methods 
can be used during usual catheterization procedures. Therefore, in the 
present study, we evaluated the transfection efficiency of four different 
approaches for in vivo gene transfer in the rat myocardium: 1) direct injec- 
tion into the myocardium (IM group), 2) injection into the left ventricular 
cavity (LV group), 3) infusion at the level of the coronary cusps (CI 
group), and 4) injection into the left ventricular cayity with blocking of 
aortic flow by a balloon catheter (LV+B group). 

The present study demonstrated that direct myocardial injection was 
the most effective method for increasing transgene expression in a limited 
area (Table). The high transfection efficiency of intramyocardial injection 
that we found in the present study is consistent with the findings of pre- 
vious reports.^^'^'^ However, significant myocardial damage, as evidenced 
by the accumulation of neutrophils and necrosis, was observed at the injec- 
tion site,^"*"^^^ although recent reports may suggest that the focal damage 
at the injection site may be negligible.^**'^^^ Another problem in the IM 
group was that the area of transfection was very limited around the injec- 
tion site in the present study (Figure 2), also in keeping with previous 
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reports,^^'^'^ which suggests that IM may be the best method for targeted 
treatment of focal lesions. There were marked differences in the - galac- 
tosidase activity in the transfected areas between the different approaches 
(Figures 2 & 3). In the LV+B group, staining for j3 - galactosidase was 
observed in cardiac myocytes both near microvessels as well as far away 
from capillaries. This finding would suggeist that the HVJ-liposome com- 
plex can penetrate the endothelium of microvessels in the heart, and trans- 
feet myocytes. The ability of HVJ-liposomes to penetrate endothelial cells 
is consistent with previous reports of in vivo gene transfer in blood ves- 
sels. In contrast, recent reports of in vivo gene transfer in uninjured 
vessels using adenoviral vectors demonstrated that the transgene localizes 
to the endothelial layer.^^'^^^ Therefore, adenoviral vectors do not penetrate 
but are trapped in the endothelial cells. This difference in distribution may 
be due to differences in the characteristics of the vector systems (aden- 
ovirus vs HVJ). More importantly, endothelial cells in capillaries could be 
efficiently transfected by injection into the left ventricular cavity with 
blocking of aortic flow by a balloon catheter. 

Infusion of transgenes into the coronary arteries results in the wide- 
spread expression of transgenes in cardiac myocytes as compared with 
direct myocardial injection.'**^^ However, comparison of the transfection 
efficiencies of direct myocardial injection and infusion into the coronary 
arteries has not previously been examined. The present study demonstrated 
low transfection efficiencies in the LV and CI groups, which may be 
explained by incomplete injection of the HVJ-liposome complex into the 
coronary arteries. This hypothesis is supported by the observation that the 
CI group had a lower transfection efficiency than the LV+B group. There- 
fore, if a smaller double-lumen balloon catheter is developed, injection 
into the coironary arteries with blocking of aortic flow by the balloon may 
be the optimum method to transfect the myocardium and endothelial cells. 
Previous reports have demonstrated a high transfection efficiency with cor- 
onary artery infusion in a transplant modeL^^^ An added benefit of this 
method is the lack of cytotoxicity and inflammation with the use of HVJ- 
liposome complex. 

Following the intracoronary infusion of adenovirus, wide-spread 
transgene expression can be detected in the liver,, kidneys, lungs, brain and 
testis of animals 5 days after virus infusion.^ In contrast, transfection of 
the iuciferase gene using the HVJ-liposome method resulted in no 
luciferase activity in any organ except the heart. This myocardium-specific 
transfection would be useful in the study of the effects of gene products 
in the myocardium in the absence of systemic gene expression. Percuta- 
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neous transluminal gene transfer into the heart by intracoronary infusion 
of HVJ-liposome vectors may represent an efficient method of introducing 
recombinant genes into the coronary arterial wall and the surrounding 
myocardium. 
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SPECIFIC AIM 

The aim of this study was to evaluate the cardio- 
vascular actions of kinins, which have been impli- 
cated in the beneficial effects of angiotensin-con vert- 
ing enzyme (ACE) inhibitors by the generation and 
analysis of a transgenic rat line harboring the human 
dssue kallikrein gene, TGR(hKLKl). 



PRINCIPAL FINDINGS 

1. Transgene expression 

Expression of a human tissue kallikrein transgene 
(hKLKl) under the control of the mouse metallo- 
thionein promoter was detected in all organs of the 
newly generated transgenic rat line, TGR(hKLKl) 
(Fig. 1). Translation of the hKLKl-mRNA was veri- 
fied by the demonstradon of human kallikrein in the 
urine of transgenic rats (700 ± 127 ng/ml). 

2. Blood pressure 

Mean arterial pressure detennined by telemetric 
measurement turned out to be slightly but signifi- 
candy lower in TGR(hKLKl) animals compared to 
Sprague Dawley (SD) control rats (110.5±1.1 vs. 
114.9±L0 mmHg; P<0.01). In contrast, no signifi- 
cant difference was observed between the transgenic 
and SD rats with respect to heart rate or locomotor 
acdvity. The B2 antagonist icatibant increased blood 
pressure (BP) significandy by 2.0 ± 0.9 mmHg 
(P<0.01) only in TGR(hKLKl). 

The 24 h rhythm of mean arterial pressure in 
TGR(hKLKl) animals was dampened in comparison 
to untreated SD rats (amplitude of the dominant 



24 h period in TGR(hKLKl): 1.6±0.2; in SD: 
2.7±0.4; P<0.05). However, in both strains, the 
acrophases of the 24 h period occurred around 
midnight for BP, and the rhythms of heart rate and 
locomotor acUvity were similar. 

3. Reduced cardiac hypertrophy and fibrosis in 
TGR(hKLKl) 

To study the role of kallikrein in cardiac hypertro- 
phy and fibrosis, TGR(hKLKl) and SD control rats 
were treated with a suppressor dose of isoproterenol 
for 7 days. This treatment resulted in a marked 
increase in reladve heart (Fig. 2A) and left ventricu- 
lar weight (Fig. 2B) in both strains of rats. However, 
the effect was significantly less pronounced in 
TGR(hKLKl), indicating a protecdve acdon of trans- 
gene expression. Expression of ANP in the left 
ventricle, an early marker of cardiac hypertrophy, 
supported these findings. Whereas it was markedly 
induced in SD rats, no effect on ANP expression was 
observed in TGR(hKLKl) (Fig. 2Q, Kinins and their 
B2 receptors obviously mediated the kallikrein ac- 
don as the transgene effect on cardiac hypertrophy 
was abolished by the coadministradon of icadbant 
(Fig. 2). 

Moreover, interstidal fibrosis in the left ventricle, 
also induced by isoproterenol treatment and quan- 
dfied by detecting collagen III mRNA in left ventri- 
cles, was less pronounced in TGR(hKLKl) com- 
pared to SD rats (Fig. 2D). 



' To read the full text of this article, go to http://www. 
fasebj.org/cgi/doi/10.1096/fj.99-1010ge 
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Figure L Ribonucliease protection assay 
detects expression of the hKLKl gene in 
different organs of TCR(hKLKl) (+) but 
not in SD control rats (— ). 20 fxg of total 
RNA from tissues of individual animals or 
yeast (Y) together with hKLKl- and P-acdn- 
specific probes was used. 



CONCLUSIONS AND SIGNIHCANCE role of the kallikrein-kinin system (KKS) in circadian 

fluctuadons of arterial pressure. The biological 

Transgenic rats expressing human tissue kaJlikrein mechanisms underlying regulauon of circadian 

at high levels in all organs investigated became rhythms of cardiovascular parameters are largely 

hypotensive probably through increased generation unknown. In mammals, most circadian rhythms are 

of kinins as evidenced by a partial normalization of governed by what appears to be the main internal 

BP after treatment with the B2 receptor antagonist oscillator, the suprachiasmatic nucleus of the hypo- 

icatibant. These findings are in line with results thalamus (SON), since lesions in this brain region 

obtained in mice expressing the same transgene and can obliterate the rhythms of heart rate and BP. 

hypertensive rats after somatic gene transfer of the Nonetheless, litde is known about how oscillations in 

hKLKl gene. the SON are biochemically achieved or which neu- 

An important novel observation in this study is the ronal or hormonal pathways are used to establish the 




Figure 2. Cardiac hypertrophy and fibrosis after isoproterenol treatment is reduced in TGR(hKLKl) compared to SD rats. Heart 
weight (A) and left ventricular weight (B) to body weight ratios were determined of untreated SD and TGR(hKLKl) rats and 
of animals treated with isoproterenol (ISO) alone for 7 days (n=10) or with coadministration of icatibant (HOE, n=4). ANP 
(marker of hypertrophy, C) and collagen III (marker of fibrosis, D) expression were detected by ribonuclease protection assay 
in left ventricles of untreated and ISCMreated SD and TGR(hKLKl) rats (upper panel). 20 jig of total RNA of left ventricles was 
used with probes for rat A^fP, collagen in, and P-actin. The levels of ANP and collagen III mRNA relative to 3-actin mRNA were 
quantified using the software TINA on a Phosphorlmager system (lower panel). ***/>< 0.005, **P< 0.01 vs untreated rats; 
< 0.005, **P < 0.01, *;>< 0.05. 
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Scheme 1 

rhythm of the cardiovascular system. Kallikrein, kini- 
nogens, kinins, and their receptors, Bl and B2, are 
present in several regions of the brain, including 
SCN, and the central KKS is involved in BP regula- 
Uon, Furthermore, a circadian rhythm of kallikrein 
expression has recendy been reported in the rat 
pineal gland. Kinins may also be important in trans- 
mitting the oscilladons generated in SCN and pineal 
gland to other brain areas or to the periphery. A 
peripheral action of the KKS governing diurnal BP 
variations is supported by the circadian rhythm of 
urinary kallikrein excretion reported, with highest 
concentrations preceding lowest BP values. Thus, 
the KKS may be deeply involved in the circadian 
regulation of BP. As the circadian rhythmicity of 
heart rate is unaltered in TGR(hKLKl), this study 
confirms earlier reports that the rhythms of BP and 
heart rate are differentially regulated. 

The most important novel finding of this study is 
the prohibitive effect of tissue kallikrein in isoprot- 
erenol-induced cardiac hypertrophy and fibrosis. Re- 
ductions in hypertrophy and fibrosis were abolished 
by icatibant, which fiirther supports kinins as medi- 



ators of the transgene effects. Consistent with an 
important role of kinins, previous pharmacological 
studies have shown that isoproterenol-induced car- 
diac hypertrophy can be diminished more eflfectively 
by ACE inhibitors than by ATI antagonists. Kinins 
have also been implicated in the antihypertrophic 
actions of ACE inhibitors in the aortic coarctation 
model since icatibant effectively blunted the drug- 
induced reduction of left ventricular hypertrophy. 
Furthermore, bradykinin infusion prevented devel- 
opment of increased cardiac mass in the same 
model. While kinins may act as weak growth factors 
on cultured cardiomyocytes and fibroblasts, they 
have also been shown to reduce cardiac collagen 
synthesis and growth via release of prostagliandins 
and nitric oxide. According to our results, the latter 
seems to be the prevailing in vivo effect. Adaptation 
of cardiac muscle to an increased work load can be 
achieved either by an increase in muscular mass (i.e., 
hypertrophy) or by an improved performance of 
the existing myocardium. Kinins may inhibit hyper- 
trophy by impro\'ing the supply of cardiomyocytes 
with nutrients and oxygen via two independent 
mechanisms: increase in coronary perfusion and 
stimulation of myocardial glucose uptake. These 
kinin effects may be crucial for the prominent car- 
dioprotective actions of ACE inhibitors. In summary, 
w^e have developed a new transgenic rat model with 
an overactive KKS. These rats may be applicable to 
the study of multiple issues of cardiovascular regula- 
tion and other physiological and pathophysiological 
mechanisms in which kinins might participate. O 
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hehnarU S. E., P. M, U Janssen, W. Franz, J. K. 
Ooniahuie, J. JLjawirenicet E, Marbdn, J. Frestle, aiad G. 
lEJaseHiffuss. Preservation of myocardial function after adeno- 
viral gene transfer in isolated myocardiutn. Am J Physiol 
Heart Circ Physiol 279: H98<>-H991, 2O0O.— Adenoviral gone 
transfer to the heart represents a promising model for struc- 
ture-function analyses. Rabbit hearts were subjected to an ex 
vivo perfusion protocol that achieves gene transfer in >90% 
of cardiac myocytes. Contractile function of isolated myocar- 
dial preparations of these hearts was then observed for 2 
days in a recently developed trabecula culture .system. In 
sham-infected hearts, the initial developed force (F^nji) 
(15.6 ± 3.7 mNAnm*; n = 12) did not change significantly 
after 48 h (17-0 ±1.9 mN/mm^ P = 0,46). In adenovirus- 
infected preparations, Fj^j^ (14.3 ±1.8 mN/mm'*; /i = 21) did 
not significantly differ from the control (P = 0.75) and was 
unchanged after 48 h (15.3 ± 2.5 mNAnra^; P = 0.93). After 
2 days of continuous contractions, we observed homogenous 
and high-level, expression of the reporter genes LracZ coding 
for p^galactosidase and Lxu: coding for firefly ludferase. Lu- 
ciferase activity increased more than 2,500-fold from back- 
ground levels of 8.7 X lO'* ± 5.0 X 10^ relative light units 
(RIAJymg protein (from hearts transfectcd with promotorlc5.s 
adenovirus with luciferctse transgene construct AdNULLLuc, 
n = 5) to 23.4 x 10* ± 11.1 X 10® KLU/mg protein (from 
hearts tranfected with adenovirus with Rous sarcoma virus 
promotor and ludferase transgene construct AdRSVLuc; n ~ 
5) in infected myocardial preparations (P < 0,005). Our 
results dcmon.<rtrate a new ex vivo approach to achieve ho- 
mc^nous and high-level expression of recombinant adenovi- 
ral genes in contracting myocardium without adverse func- 
tional effects. 

adenovirus; trabecula; rabbit 



GHNE TBANSPER TO THE HEART for the replacement of 
missiBg cellular proteins or for the expression of ther- 
apeutic gene products repinesents a promising approach 
for the treatment of myocardial disorders (5, 17, 22, 24, 
26). Previous studies (1, 12, 16, 27) have demonstrated 
the feasibility of recombinant adenoviruses as gene 
delivery systems to improve cardiac function on a eel- 
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lular level by expression of gene products considered to 
be relevant to &e failing heart, e.g., adenoviral trans- 
fer of a potassium channel gene increases K ' currents 
and shortens action potential duration in failing car- 
diac myocytes (27), and overexpression of the sarco- 
plasmic (endo)reticulum Ca^^-ATPase in cardiac myo- 
cytes enhances sarcoplasmic reticulum Ca^ * -uptake 
and shortens prolonged intracellular Ca'^'*" transients 
(12). 

The intact heart muscle represents a much higher 
burden in terms of effective gene transfer to tissue- 
bound cardiac myocytes and in the study of consecutive 
functional eflfects. Few studies have been able to show 
effective expression of adenovirally introduced pro- 
teins in the working heart (16, 23), and functional 
studies of the heart afler euicnovirai infection under in 
vivo conditions have been limited by strong immimo- 
genicity and unknown intrinsic toxicity of the vector 
system against the host cell (11, 31). Therefore, it 
might be difficult to study functional implications of 
adenoviral gene transfer under in vivo conditions. On 
the other hand, the functional study of adenovirus- 
infected cultured cardiac myocytes, thereby avoiding 
an immunologic response, is limited by their progres- 
sive dedififerentiation over the expression time (6) and 
by technical difficulties to qualitatively evaluate and to 
extrapolate the contractile fianction of isolated cells to 
the more physiological multicellular myocardial archi- 
tecture accomplishing loaded contractions. Therefore, 
mtdtiday observation of adenoviral-infected isolated 
myocardial preparations would allow us to identify 
adverse functional oiTects caused by intrinsic toxicity of 
one of the most efficient gene transfer vehicles. To 
achieve this goal, we established a new technique to 
study consequences of adenoviral transgene expression 
on myocardial function in a midtioellular muscle prep- 
aration under well-defined physiological conditicms. 
The technique is based on a recently developed trabec- 
ula culture system (20) and a hi^y efficient adenovi- 
ral gene transfer protocol (8, 9) and shows that con- 
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MATERIALS AND METHODS 

Preparation and ex vivo transfection of rabbit hearts. Fe- 
male New 2^1and White rabbits (1,5-2.6 kg) received hep- 
arin anticoagulation (1,000 U iv) before pentobarbital sodium 
anesthesia (Nembutal, 60 zng/kg iv). Under sterile condi- 
tions, the hearts were rapidly excised and rinsed twice in 
ice-cold, HEPES-modified Krebs-Henseleit (K-H) buffer con- 
taining (in mM) 138^ Na*. 5.0 K*, 1.2 Mg^^^ 1.0 Ca^+, 144.4 
Cr, 1.2 SOr, 1.2 H^POr, 20.0 HEPES, and 16.0 glucose, 
saturated with Og at pH 7,4, Hearts were mounted and 
suspended in an insulated chamber at 35— 37**C and were 
WW' ^^^^^^^&^^^^y perfused via the ascending aorta by a modified 
|fer'^^'^S^'^^*>'^Pe''f**^^<^^ technique (8) with oxygenated K-H 
. buffer for 5 min at 30-40 ml/min; this was followed by 25 ml 
of oxygenated K-H buffer containing 1 mgAnl albumin and 
1.6 X 10* plaque-forming units (pfu)^3l of recombinant ade- 
novirus. Higher virus concentratians could not he used with- 
||||: : out compromising the myocardial viability during the perfu- 
llp sipn protocol, which would occur due to the altered 
[l^C composition of solutions used in our experiments if more 
ilif virus was added. The virus-containing perfusate was recir- 
culated for 60 min at 37*'C with a controlled flow rate of 30 
ml/min. After the infection protocol, the hearts were perfused 
witli virus-free K-H buffer to wash out the virus (for at least 
5 min). The high transfectiun efficiency of this perfusion 
protocol (over 90% transfected cardiac myocytes) was testctl 
•at regrular intervals by quantifying the percentage of cells 
expressing p-galactosidase (p-Gal) by evaluation of primary 
cultures of cardiac myocytes of AdCMVLacZ (adenovirufi- 
transfected human cytomegalovirus-promoted LacZ trans- 
gene construct)-infected hearts (8, 9). As a coiitrol, hearts 
were sham infected using the same protocol v^^ithout viral 
vectors or with AdNULLLuc (adenovirus vector with promo- 
torless ludferase gene) for 60 min. All procedures and proto- 
|: cols were approved by the local Animal Care and Use Com- 
mittee in accordance with institutional guidelines* 

Adenovirus vectors. Three types of first-gcncretion hu- 
man type 5 recombinant adenoviruses (Ad) were used: 
AdCMVLacZ, encoding Escherichia coli p-Gal under control 
of the human cytomegalovirus (CMV) immediate early pro- 
moter, and two different adenoviral ludferase constructs 
containing the firefly ludferase gene in the pres^cc or the 
absence of the Rous sarcoma virus (RSV) long terminal re- 
peat promoter (AdRSVLuc and AdNULLLuc, respectively) 
(10). Higii-titer adenovirus stocks were prepared and tested 
for replication-competent adenoviruses as described (7, 13). 
Adenoviral titers vrerc detennined by averaging two plaque 
titration assays on HEK 293 cells as described previously (8). 
AlUiough the current adenoviral vectors mig^t luive limita- 
tions in effectiveness in ^'long-term" escprcssion (months/ 
3^r8), the fast and robust exporession makes them espedally 
useful in these **short-term'* expression experiments (days/ 
weeks). 

Myocardial trahecula dissection. To dissect thin, uniform 
myocardial trabeculae and small papillary musdes fVom the 
free wall and septum of the ri^t ventride, hearts were 
additionally perfiiscd with K-H solution containing (in mM) 
141.2 Na*, 5.0 K*. 2.0 Mg^ ' , 1.0 Ca^\ 127 CI", 2.0 SOf", 1.2 
H^POJ, 20.0 HCOJ , 10.0 glucose, and 20.0 2,3-butanedione 
monoximc (BDM) as a cardioprotective ingredient (25) in 
equilibrium with 95% Oj-5% CO^, After spontaneous beating 
of the suspended heart had stopped, preparations were care- 



1 
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fully dissected under a binocular dissecting microscope (19. 
28). 

T^nhecula culture system. Preparations were mounted in a 
dosed sterile chamber (Scientific Instruments, Heidelberg, 
Germany) between the basket-shaped extension of a force 
transducer and the hooklike extension of a micromanipulator 
screw (20), The BDM-containing solution was exchanged 
under sterile conditions for BDM-free K-H solution^ and the 
extracellular Ca^* concentration was increased stepwise to 

2.0 mmol/1. The solution was then exchanged for 199 cell 
culture medium (Sigma) equilibrated with 95% 02-5% COj 
containing the following modifications (in mM): 2.0 DL-cami* 
tine, 5.0 creatine, 5.0 taurine, and 2.0 L-glutamine as well as 
100 rU/ml penicillin, 0.1 mg/ml streptomydn, and 20 fU/l 
human insulin (Opti-Pen, Hoechst, Giermany). The musdes 
were stimulated at —30% over a tfireshold voltage (2-4 V) 
through S-ms asymmetric pulses at a frequency of 0.5 Hz. 
The muscles were carefully stretched to the length at which 
passive force development was —2-10% of active devdoped 
force at 1.75 mM Ca^'*^, reflecting a sarcomere length between 

2.1 and 2.2 iim (28). After force had stabilized, online data 
collection was started. All experiments were executed under 
isometric conditions for 48 h at a 0.6-Hz istimuiation fre- 
quency at 37*C with a pH of 7.4. For more detailed descrip- 
tion of the setup and procedures, see Jansscn et al. (20). After 
48 h of continuous contractionB, 1 |jlM isoproterenol was 
added to test for p-adrenergic response and the presence of 
contractile reserve of these preparations. 

Reporter gene assays. Forty-eight hours after adenoviral 
infection and continuous monitoring of contractile function in 
the trabecula culture system, the myocardial preparations 
were evaluated qualitatively for P-Gal expression by histo- 
cbemical staining with 5-bromo-4-chloro-3-indolyl-p-0-galac- 
topyranoside (X-Gal) or quantitatively for ludferase activity 
by chemoJuminescent assay. Myocardial preparations that 
were infected with AdCMVLacZ were fixed in 0.1% glutaral- 
dehyde ia PBS for 20 min at room temperature, washed with 
PBS, and then stamed with (in mM) 16.0 K^Fc(CN)e, 16.0 
K,Fe(CN)«, and 1.0 MgCL» and 1 mg/ml X-Gal in PBS at 
37*C. The staining solution was aspirated, and the trabecu- 
lae were permanently fixed in 1% glutaraldehyde in PBS. 
Even though we did not detect any endogenous p-CJal activity 
in control experiments with nontransfected hearts,, staining 
of the myocardial preparations was performed at alkaiino 
conditions (pH 8,5) to avoid false-positive detection of endog- 
enous manunaiian p-Gal activity (30). Thicker preparations 
(>350 ftm) were sometimes divided and restalned to over- 
come the diffusion linutations of X-Gal. After 12 h, the X-Gal 
solution was removed, and the trabeculae were evaluated 
microscopically for blue staining, embedded in paraffin, sec- 
tioned at 15 |jua, moimted on g^asa slides, and tiben counter- 
stained with hematoxylin and eosin. Histological sections 
were evaluated for dif^ise p-Cral activity at X40 magnifica- 
tion. Because the intense blue staining diminished individual 
cell borders, we were not able to quantitatively give the 
average percentage of stained cardiac myocytes in the mul- 
ticellular preparation. 

Alternatively, myocardial trabeculae were infected with 
replication-defective adenoviruses encoding firefiy ludferase. 
Ihe promolorless construct AdNULlXuc served as a nega- 
tivo control for background activity determination* Alterna- 
tively, the Luc transgene was under the control of the RSV 
promoter for maximal Luc expression (10). After 48 h of 
continuous contractions, myocardial tissue was firozen in 
liquid nitrogen. Myocardial preparations were homogenized 
in lysis buffer (1% vol/vol Triton X-100, 1 mM 1,4-dithioUmd- 
tol, and 100 mM potassium phosphate, pH 7.8) and centri- 
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fuged, and the supemataat was used to perform luciferaso 
assays (10). All tissue ludfcrase recordings were normalized 
for protein concentration as determined by the Bradford 
assay. Luciferase activity is given in relative light units 
(RLU) per milligram protein after correction for background 
activity (10). 

Data analysis and statistics. For a period of at least 48 n, 
twitch contractions of myocardial trabeculae were monitored 
online by a data acquisition and analysis program written in 
LabView (National Instruments; 1-kHz sample frequency). 
The following contractile parameters were ana^jwd: peak 
developed force (F^^v; mN/mm*), diastolic force (F^^; mN/ 
mm^), time from stimulation to peak force (TTP; ms), maxi- 
mum relative rate of force development UdF/df^aaxV^i s 
maximum relative rate of force decline l{dF/dt^,,iJ/F; s"^l, 
time from peak force to 50% relaxation (RTbo; in ms), and 
times from stimulation to 60% and 90% relaxation (TTfto and 
TT^, respectively; in ms). The initial developed force (Fj^j 
mN/mm^) was calculated as the average developed force 
during the first hour of stimulation. Preparations that dis- 
played rapid rundown (>40%) of F^ during the first 3 h or 
in which F,„;t was <6 mN/mm^ were discarded from further 
study. Unless otherwise stated, all experiments are pre- 
sented as means ± SE- 

Force and twitch timing data were analyzed using two- 
factor rei>eated measures ANOVA: we tested 33 subjects 
(muscles), with (virus) factors (control, /xwZ, and Luc) and 
time (0 and 48 h). This test design detects any significant 
differenced between 0 and 48 h, within each group, among 
the viral factors, and in the interaction between virus and 
time. Statistical significance was determined by Student's 
^test for paired or unpaired data where applicable, P < 0.05 
was accepted as i^gnificant. 

RESULTS 

Basic characteristics of contraction and relaxation. 
Myocardial preparations were subdivided into three 
groups according to the infection protocols: sham-in- 
fected preparations in = 12) served as the control 
group and were compared with the intervention groups 
LacZ (n = 11) and Imc (n = 10). The average dimen- 
sions of the preparations were the following: lengthy 
3,85 ± 0,19 mm; tJiickness, 363 ± 27 p.m; width, 412 ± 
23 >im; and cross-sectional area, 0.128 ± 0.013 mni^ 
Average sizes and distribution of the preparation di- 
meiusions were similar in all groups. In pilot experi- 
ments we found no effect of the perfusion protocol per 
SQ on contractile function. The contraction parameters 
behaved similarly over a 48-h period under identical 
condition? with this study and without Langendorff 
p^fiision (20). At 0.6 Hz stimulation frequency and 
37*C, the F,^t ^^s 15.6 ± 3.7 mN/mm^ in the control 
group, 14.2 ± 2.3 mNArnn^ in the Luc group (unpaiml 
f-test, P = 0.75), and 14,3 ± 2.8 mN/mm* in the L&cZ 
group (F = 0.77). Also, there were no significant differ- 
ences in the diastolic force (F^j^^) at f = 0 h for tiie 
control group (1.64 ± 0.45 mN/mm^, the Luc group 
(1.05 ± 0.21 mN/mm^ P = 0.26), and the LacZ group 
(1.21 ± 0.24 mN/mm^^P = 0.41) or between the LacZ 
group and ihe Luc group (P = 0,62). ANOVA indicated 
no changes in contractile parameters ^^Bt 
with respect to the variables time (0 and 48 h; Pj^- P = 
0.97 and P^iast^ P ^ ^-^^ virus (control, LacZ, and 



Luc groups; P = 0.90 and F^i^t: P = 0.52) or 
between the interaction of these factors (time X virus; 
Fdev* P = andFdiast^ ^ = • Furthermore, there 
was no significant difference in the number of prepa- 
rations discarded fiar further study between the conbxil 
^ and either of the gene transfer groups. In total, 7 (4 
Luc, 2 sham, and 1 LacZ) of 40 preparations failed to 
qualify for fiirther study. Both sham- and LacZ- or 
Luc-transfected preparations did not show contractile 
abnormalities over the time course of 48 h. 

Influence oftrctnsgene expression on myocardial per- 
formance. Sham-transfected myocardial trabeculae 
contracted continuously over 48 h and did not show 
alterations of contractile parameters, e.g., at i - 
48 h was 17.0 ±1.9 mN/mm^ compared with 15.6 ± 3.7 
mNAnm^ at I = 0 h (P = 0.46; Fig, 1). After a 2-day time 
span, neither Z^acZ-transfected (P ^ 0.31) nor Luc- 
transfected (P = 0.06) myocardial preparations dis- 
played a significant change from < = 0 h (ANOVA; time, 
P = 0.55; virus. P = 0.09; time X virus, P ^ 0.94) in the 
change in RT50, despite robust expression of the re- 
porter genes (Fig. 2). Similarly, tiiere were no signifi- 
cant differences bet ween the groups for other twitch 
timing parameters (TTP, TT50, and TTbq). Addition- 
ally, there were no significant differences v^dthin the 
control group, the LacZ group, or the Luc group regard- 
ing (dF/d^^)yF or {dFm^^W over 48 h, and there 
were no significant differences between the groups 

(Fig. 3), . ^ ^ - 

Effects of reporter gene expression on p-adrenergic 
signaling. Inotropic stimulation of the heart via p-ad- 
renergic receptors represents the most powerful way to 




Time (h) 

Fig. 1, Average timo courses of peak force (F^ top lines) and 
diastolic force development (Fa»^ bottom lines) over 48 h of the 
coatrol grwup tpromotorlees adenovims with ludferase transgcne 
Donfltfuct (AdNULLLuc)] (solid lines), the L^ieZ [adenovirus 
with human cytomegalovinis promoter and LacZ transgene 
(AdCMVLacZ)l-lransfected group (dotted lines), and the Lw lad- 
enoTtms with Rous sarcoma virus promotor and luciferase trans- 
gene construct lAdRSVLuc)l-tran9fected group (dashed Unes). The 
Luc transgcne codes for tuctferase and the LacZ traneg^e codes 
for ^-galactosldease O-Gal). P^c^ and Faiact were calculated as 
fractions of initial developed force; average normalised data were 
later multiplied by average force per cross-sectional area for 
display purposes. Changes in these parameters due to adenoviral 
gene expression were not significant over 48 h (control group, n = 
It; LacZ group, n = tl; and Zwc ^rtmp, n = 10). 
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-. Fig. 2. Average time courses of time from peak force to 50% Telax- 
atkm (RTco> over 46 h of the control group (tfoDd lineti), the LacZ- 

^tronsfectcd groxip (dotted lines), and the Xeic-transfected group 

' (dashed Hnes). No signtficfint changes due to adenoviral geue ejqpres- 
sioo were observed over 48 h (coatrol group, n — II; LacZ group, n ^ 

. 1 1; and Luc group, n *= 10). 
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Pig. 4. Representative tracing from an AdRSVLuotransfcctod myo- 
cardial preparation after 48 h of continuous contractions (thin line) 
and contractile response to 1 mH isoproterenol (thick Knc). Saino 
tracings expressed as fractions of their individual peak davi>Jo|)od 
tension to show absence of e£Eect on twitch timing more clearly 
iimet). Control twitch was obtained 5 inin before intervention, and 
intervention twitch was obtained after force !iad stabilized. 



. increase cardiac contractility. Global adenoviral infec- 
tion followed by 48 h of sustained contractions did not 
] significantly afiect the ^-adrenergic pathway. Figure 4 
> shows a representative experiment with 1 m-M isopro- 
' terenol to stimulate a ^-adrenergic response after 48 h 
• ' of continuous contractions in a Zruc-infected prepara- 
^ tion. On average, maximal developed force in these 
: myocardial preparations after exposure to isoprotere- 
nol increased to 351 ± 114% in Lac^transfected (n = 
3) and to 326 ± 91% in Li/c-.transfected preparations 
in = 3) compared with 340 ± 104% in the control group 
^ in = 3), Relaxation as reflected by RTgo was acceler- 
ated to 69 ± 2% in the LacZ group (n = 3), to 66 ± 6% 
. in the Luc group {n = 3), and to 63 ± 4% in the coatrol 
group in = 3). 
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Ftg. 3. Average time courses of maximum relative rate of force 
devek)pment |(dF/df«„.>¥l itop-iines) and decline \idFidi„y,W\ (6o*- 
tom Imes) over 48 h of the coaitrol group (solid lines), the LacZ- 
transacted group (dotted lines), and the I*r*c-transfected group 
(dashed lines). No significant changeo in these paranxeters were 
observed over 48 h. 



Expression pattern of LacZ in myocardial traheculae. 
Myocardial preparations that were subjected to LacZ 
transfection and kept contracting continuously for 48 h 
were fixed and stained for p-Gal expression in = 11). 
As shown in Fig. 5, there is widespread and robust 
expression of the LacZ transgene, with nearly all car- 
diac myocytes staining positive. Sham-infected prepa- 
rations or those infected with the promotorless Luc 
transgene adenovirus demonstrated no X-Gal staining. 

Myocardial expression ofluciferase. Forty-eight hours 
after iirfection with 1,6 X KT pfu/ml of AdRSVLuc 
and continuous stimulation^ myocardial preparations 
showed high levels of luciferase activity. Myocardial 
preparations that were infected with AdNULLLuc 
served as background levels and had an average lucif- 
erase activity of 8,7 X 10^ ± 5.0 X 10^ RLU/mg protein. 
In sharp contrast, the constitutive RSV promoter 
served for a significant increase in luciferase activity to 
23.4 X 10^ ± 11.1 X 10^ RLUAng protein in transfected 
myocardial preparations, being more than 2,500*fbld 
higher than control levels (n = 6; P < 0.005). 

BISCOSSION 

In lig^it of upcoming gene therapy protocols in the 
future, we set out to directly demonstrate a lack of 
adverse effects on myocardial function despite mobust 
overexpression of adenoviral transgenes. The present 
study demonstrates highly effective gene transfer to 
multicellular myocardial preparations without adlverse 
influences on contractile function. This was accom- 
plished by combining a recently developed myocardial 
trabecula culture system (20) with an ex vivo gene 
transfer technique (8, 9). Under physiological condi- 
tions and continuous monitoring, contractile perfor- 
mance was stable in infected preparations and was not 
significantly different . from control preparations 
tlm)ugh0ut this period. Neither iflie perfusion protocol 
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Fi^. 5. llistoJogical detection of p-Gal 
acUvify in myocardium 2 days after 
perfusion with 1.6 x 10" plaque-form- 
ing unita^ of AdCMVLacZ followed by 
continuous coutractious. Phoiomicro- 
graph of a longitudinal histological Rec- 
tiot) throu^ a myocardial preparation 
demonstrating homogenous distribu- 
tion of the LacZ gene product through- 
out tho myocardial ti^ue. Dimensions 
of this preparation before iixation and 
staining were the full awing: width, 200 
pan; thickness, 150 ji.m; and length, 3,0 
nun. 
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nor adenovirus infection and reporter gene expression 
adversely influence contractile ftinction of these multi- 
ceilular preparations. Thus> by use of an adenoviral 
perfusion protocol in intact hearts, it is possible to 
induce high levels of transgene expression into myo- 
cardial preparations without inducing adverse effects 
by toxicity of the adenoviral vector system on myocar- 
dial function. 

Previous studies investigating the influence of trans- 
genes on myocardial function have used cardiac myo- 
cytes under primary culture conditions as a model to 
study adenoviral gene transfer and subsequent effects 
of recombinant proteins on contractility (1» 12, 22, 27). 
The culture of myocardial preparations used in this 
study has several advantages over the cultm-e of iso- 
lated cardiac myocytes^ because it represents 1) the 
more complex situation of gene delivery into a differ- 
entiated multicellular architecture like the intact 
heart muscle (2, 8, 9, H, 14, 16, 23, 29); 2) the more 
physiological situation of loaded conditions in the 
study of contractile fdnction (4, 20); and 3) the stable 
contractile bdiavior, protein synthesis, and nondedif- 
ferentiating cellular integrity of electrically stimulated 
myocardial preparations (3, 4, 20). In addition, the 
recent demonstration of the long-term culture of hu* 
man trabeculae for up to 6 days suggests the possibiUty 
of using this gene transfer protocol to investifrate 
pathophysiological alterations in the failing human 
heart (19). 

The functionally intact myocardial preparations 
from transfected hearts showed high-level expression 
of different reporter genes after 2 days. p-Gal expres- 
sion was homogenous and robust within thin prepara- 
tionsy and myoceurdial iuciferase activity was more 
than 2,50Q-fold higher than control levels. Ihe func- 
tional effects of adenovirus infection and of reporter 
gene expression have been evaluated in a controlled 
preparation of intact myocardium. The absence of toxic 
effects of the adenoviral vector and the expressed re- 



porter genes LacZ and Lite on contracile function is in 
close agreement with studies on isolated cardiac myo- 
cytes (15, 22). 

The trabecula culture method as a technique for 
assessment of recombinant transgene expression on 
myocardial function may be an alternative to conven- 
tional transgenic animal models. Developmental adap- 
tion in transgenic animals to overexpression or knock- 
out of a given protein often results in a new phenotyi>e. 
This can be difHcult to differentiate for the specific 
effects of the given transgene on myocardial function 
firom secondary effects, e.g., transgenic gnimala over- 
expressing sarcoplasmic (rado)reticulum Ca^"^-ATPa3e 
(18) or calsequestrin (21) also exhibit increased tran- 
scription of other physiologically important proteins 
like phospholamban. Similarly, functionally meaning- 
ful overexpression in transgenic mice downxegolates 
gene expression of Ca^'*'-regulatory proteins like the 
ryanodine receptor, triadin, and junctin by 50% or 
more, whereas phospholamban and Ca^^-ATPase are 
upregulated. Adenoviral gene transfer techniques may 
not only bypass developmental adaption, but ibey may 
also be used to knock out a target gene by program- 
ming antisense strategies that block gene expression, 
and they represent a fiiture therapeutic approach un* 
der investigation. 

In condusion, adenoviral transfection of the heart by 
a well-defined and efifective perfusion protocol does not 
affect myocardial function under physiological condi- 
tions. The technique used in this study achieves ho- 
mogenous and high-level expression of the reporter 
genes LacZ and Luc. Continuous multiday monitoring 
of myocardial function under ex vivo conditions in the 
trabecula culture system during establishment of 
transgene expression showed no adverse functional 
effects due to possible intrinsic toxicity of the adenovi- 
ral vector system in cardiac myocytes. Adenoviral per- 
fusion and infection of the myocardium ther^ore 
seems to be safe in terms of functional side eflects. This 
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approach may help to investigate iransgene effects in 
L^2>: ,the heart by a etructure-function analysis of recombi- 



nant proteins on the level of the contracting myocar- 



^® gratefully ackaowlecige the excellent support from A. Jans&cn, 
K Beulich. aad U. Bieligk m cell cultore and rocombinaat adenovl- 
J^^^l ma techniqiiee and Dr. C Ihlin^ and colleagues fwr help with the 
^^^5-' Jii8t(dogy (all fiom the University of Preihurg, Germany). 
Ml^l The research presented in this paper was supported by a grant 
fioro the Deutsdie Forschungsgcmciudchafl (HA 1233/3-2). 

' 1, Akhter SA, Skaer CA, Kypaon AP, McDonald PH, Pcppcl 
f j^^r ■ KC, Glower DD, LeCkowitz RJ, and Koch WJ. Refitoratinn of 
^adrenergic algaaling in failing cardiac ventricular myocytes 
via adeoovirai-media ted. gene transfer. Proc Natl Atad Svi USA 
94; 12100-12105. 1997. 
2. Barr B, Carroll J, Kaly^ych AM, Tripathy SK, Kozarsky E, 
i;^Isoa MSf and Leiden JM. Efficient cotheter-mediated gene 
transfer into the heart using replication-defective adenovirus* 
Geiu Ther 1: 61-58, 1994. 
3: Berger H J, Prasad SK,0avidofirAJ,PimeiitalD,EUingBen 
O, Mare^ JV, Smith TW, and Kelly RA. Gontinxial electric 
field stimulation pre&erveB contractile {unction of adult ventric- 
ular myocyteH in primary culture. Am J Physiol Heart Circ 
Physiol 266: H341-H349, 1994. 
4- Bern DM. Ca^* sparks. Jumping the gap from the cell to cardiac 
moacle. Circ Res 81: 636-638, 1»»7. 

5. Brodde OE, Michel MC, and Zerkowstri HR. Signal traus- 
duction mechanisms oantrolling cardiac contractility and their 
alterations in chronic heart failuxe. Cardiovase Res 30: 570-584, 
1995. 

6. Claycomb WC and Palazzo MV. Gulturc of the terminally 
diffcrcntiatod adult cardiac mude cell: a light and scanning 

- eleclron microBcope study. Dev Bid 80: 466-4i52, 1980. 

7. Curiel DT, A^arwal S, Wagner £, and Cotten M* Adenovirus 
enhancement of traasfbmn*po]yiysine-mediated geiie delrveiy. 
Proe Natl Acad Sd USA 88: 8850-8854, 1991. 

8. Donahiie JK, Kikkawa K, Johns DC, Marban E, and Law- 
rence JH. Ultraraptd, hi^ly efRdent viral gene transfer to the 
heart Proc NaU Acad $ci USA 94: 4664-4668, 1997. 

■\ 9. Ikmahue JK, Kikkawa K, Thomas AD, Marban and 
Lawrence JH. Aco^eration of widespread adenoviral gene 
transfer to intact rabMt hearts by coronary perfusion with low 
calcium and serotonin. Gene Ther 5: €30-634,.1998. 
10. Trvnx WM, Botfamann T, Prey N, and Katua HA. Analysis of 
. tissue-apedfic gene ddivciy by recombinant adenoviruses con* 
taining cardiac-specific promotors, Cardiovasc Res 35: 560-566, 
1997. 

• IL French BA, Mazur Geske RS, and BoBi R. Direct in vivo 
gene transCsr into porcuie ms^ocardiiun using replicalion-defi- 
dent adenoviral vectors. CirculiUion 90: 2414-2424, 1994. 

12. GioiTdaiioFJ, He H^McDonouiChP, Meyer MySf^aaR, and 
DilBHwnn WH. Adenovirua-mediated gene transfer reconsti- 
tutes depressed sarcoplasmic reticulum Ca^'*'-ATPaae levels and 
shortens prolonged cardiac myocyte Ca'^ transients. Circulalioa 
96: 400-4a3, 1997. 

13. Graham FL and Prevec L* Methods for oozratruction of adeno- 
virus vectora. MUBiotechncl 3: 207-220, 1995. 

14. Gozman JU, Lemaaxhand P, Crystal RG, E^Hrtein SR» and 
Finkel T« EIBdent gene transfer into myocardium by direct'* 
injection of adenovirus vectors. OCrc Res 73: 1202-1207, 1993. 

15. S^ar RJ» Schmidt V, Kan^ JX, Matsui T, and Rosensweig 
A. Adenoviral gene tranHfer of phospholamban in isolated rat 
cardiomyocytes. Rescue efitects by concomitant gene transfer of 



aarcoplasmic reticnlum Co^*-ATl'ase. Cirv Res 81: 145-153, 
1997. 

16. H^ar RJ, Schmidt V, Matsui T, Guerrero JL^ Lee KH, 
Gwathmey JK, Dec GW, Semigran MJ, and Rosenzweig A. 
Modulation of ventricular function through gone transfer in vivo. 
Proc Nad Acad Set USA 95: 5251-5256, 1993- 

17. Hasenfuss G. Oaldum pump overexpression and myocardial 
function. Implications for gene therapy of myocardial &ilure. 
arc Res 83: 966-968, 1998. 

18. He H, Giordano FJ, Hilal-Dandan R» Choi DJ, Rockman 
HA, McDonough PM, Blnhm WF, Meyer M^ Sayen MR, 
Swanson £, and Dillmann DW. (>verexpre8sioa of the rat 
sarcoplasroic reticulum Co^ * ATPase gene in the heart of trans- 
genic mice accelerates cakhim transients and cardiac rclmcation. 
J CUn Inwist 1 00: 380-389, 1997. 

19. Janasen PM, Lehnart SE, Prestle J, and Uaaenfusa CL 
Preeervution of contractile characteristics of human myocar- 
dium in multi-day cd! culture. J Moi Cell Cardiol 31: 1419- 
1427, 1999. 

20. Janssen PML, Lehnart SKyPt^le J, LynkerJC,SalfeldP« 
Just Hy and Hasenfusa G. The trabecula culture system: a 
ntjvel tedmique to study contractile parametera over a moltiday 
time period Am J Physdol Heart Circ Physiol 274: H1481- 
H1488, 1998. 

21. Jones IM^ Stizruki YJ, Wang W» KabiQrashi YM, Ramesh V, 
Franzini-Armstrong C, deemann L, and IVIorad M. lU^- 
lation of Ca^*^ signaling in transgenic mouse cardiac myocytes 
overexpreesing calseqnestrin. J Clin Invest 101: 1385-1393, 
1998. 

22. Kirshenbaum LA, Angelides KJ, and Schneider MD. De- 
tection of exogenous gene expression in live adult ventricular 
myocytes after adenoviral gene delivery. Circulalton 90: 2124- 
2125, 1994. 

23. Eypson AP, Peppel K, Akhter SA, Lilly RE, Glower DD, 
Lefkowitz RJ, and Koch WJ, Ex vivo adcnovirus-mediated 
gene transfer to the adult rat heart J Thorac Cardiovasc Surg 

.115:623-630. 1998. 

24. Lehnart SE, Schillinger W, Piceke B, Prestle J, Just H, 
and Haaenfiiss G. Sarcoplaamic reticulum proteins In heart 
&ilnre. Ann NY Acad Sci 853: 220-230, 1998. 

25. Mulieri LA, Haaenfuss G, Ittleman F, Blanchaxd.£M, and 
Alpert NR. Protection of loft ventricular myocardium from 
cutting injury with 2,3-batanedione monoxime. Circ Res 65: 
1441-1444, 1989. 

26. NSbauer M, and Ka&b S. Potassium channel down-regulation 
in heart faihire. Cardiovasc Res 37: 324-334, 1998. 
Nuss HB, Joima DC, Kfi&b S, Tomaselli GF, Kaaa D, Law- 
rence JH, and MeacMtn B. Reversal of potassium channel 
defidency in ceQs from fiiiling heartif 1^ adenoviral gene trans* 
for a prototype for gene therapy for disorders of cardiac exdt^ 
ability and contractUity. Qene Th er 3: 900-912, 1996. 
Ter Keurs HiSDJ, J^juslmrger WH, van Heuningen R, and 
Nagelsmit MJ« Tension dcvolc^ment and sarcomere length in 
rat cardiac trabeculae: evidence of length-dependent actxvation. 
Cm; i2e« 46: 703-714, 1980. 

29. Von Harsdorf R, Bi^ott RJ, Shen TT, Vatner SF, Mabdavi 
Vy and Nadal-Ginard B. Gene h^Jcction Into canine myocar- 
dium as a useful inodd for studying gene eixpneesion in the heart 
of large mammals. Circ Res 72: 688^695, 1993. 

30. Weisa DJ, Liggitt D, and Clark JG. In situ histochemical 
detection of p-galactosidase activity In lung: assessment of X-gal 
reagent in distingnishing LacZ gone expression and endogenous 
p-galadomdaso activity. Hum Qene Ther & 1545-1554, 1997. 

31. Yang Y, Kunes FA, Berencsi K, Forth EE, Gonceol E, and 
Wilson JB(L Ovular immunity to viral anttgenes limits £1- 
deleted adenovirunes for gene therapy. Proc Natl Acad Sci USA 
eu 4407-4411, 1994. 



27. 



28. 



Received 09/23/2003 15:55 in 09:46 on line [31 for MR10031 printed 09/23/2003 16:08 * Pg 2/10 
From (613) 991-2760 Order # 04092 615DP03 31810 2 Tue Sep 23 16:56:56 2003 Page 2 of 10 



C28 




ELSEVIER 



Ginliavascular Research 44 (1999) 294-302 



Garduwascular 
Research 



www.ckcvier-com/ locate/ caidtorcs 
www.el*jcvicr jil /locale/ cardiorcs 



Adenoviral-mediated gene transfer induces sustained pericardial VEGF 
expression in dogs: effect on myocardial angiogenesis 

Daisy R Laznrous*, Matie Shou, Jonathan A. Stiber, Everett Hodge, Venugopal Thirumurti, 

Lino Gon^alves, Ellis F. Unger 

Experhnentat Physwloay and Phannacology Section, Cajidiohjiy Bratidi, Nativnul Heart, iMrtg, and Blood fnmwle^ National InsfiJxtUis of Health, 

Bethcs^ij, MD 2m9X USA 

Receivrd 22 October 1998: accepted 16 June 1999 



Abstract 

ObJecUve: Angiogenic peptides like VBGV (vascular endothelial growth factor) and hPGF (basic fibroblast growth factor) have entered 
clinical trials for coronary artei^ disease. AUempts are being made to devise clinically relevant means of delivery and to effect 
site-specific delivery of these peptides lo lJ»c cardiac tissue, in order to limit systemic sidc-eflects. We characterized the response of the 
pericardiuDi to delivery of a replication-deficient adeno\'irus carrying the cDNA for AdCMVVFXiF,^^, and assessed die effect of 
jTericardia! VEGF,^, on myocardial collateral development in a canine model of progressive coronary occlation. Methods: Ameroid 
constrictors were placed on ihc proximal left circomflex coronaty artery of mongrel dogs. Ten days laier, 6X !0* pfu AdCMVVEGP,„ 
(rt=9), AdRSV.p-gaJ (rt=9), or saline («=7) were injected through an indwelling pericardia) catheter. Traa«5feciion efBcioJcy was 
assessed by X-gal staining. Pericardial and serum VFXjF levels were measured serially by EUSA. Maximal myocardial collateral 
perfusion was quantified with radioUibcled Of fluorescent miao>H?hcrcs 28 days after treatment. Results: In AdRSV.p-gal-lreatcd dogs» 
there was extensive p-gal staining in tl>c pericardinm and epicardium. with minimal ^-gal staining in the mid-myocardium and 
endocanJium, Pericardial delivery of AdCMyVEC}F,„ resulted in sustained (8-14 day) pericardial transgene expression, with VEGF 
levels peaking 3 days after infection (>200 ng/ml) and decreasing tliereafter. There was no delectable increase in serum VEGF levels. 
Maximal collateral perfusion, a pdndpal correlate of collateral development and angiogenesis, was eqoivalem in all groups. Conclusion: 
Adenoviral-mediated gene transfer is capable of inducing sustained VBGF,„ expression in the pericardium; however, locally targeted 
pericaidial VEGF delivery failed to improve myocardial collateral perfusion in this model. O 1999 Published by FJsevier 55c5ciice B.V. 
All rights reserved. 

Keywot^^: Collalcrdl ciiv«iailoft; Corona^- circulation; Gene therapy; Growth factora: Ischemia 



1. Introduction 

Vascular crulothclial growth factor (VEGF)/ vascular 
permeability factor (VPF) is a secreted, glycosylated, 
dimeric prutxnn that is structurally related to platelet- 
dmved growth factor (PDGF) VEGF \h an endotheli- 
al cell-spccinc mitogen that has been identified as a 
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hypoxia-inducible angtogenic factor [3] and a potential 
tumor angiogenesis factor in vivo (4J. VEGF bas been 
associated pathological retinal neovasculaiixalioa 

[5,6] and intra-ocular expression of VEGF has been 
correlated with retinal neovascularization [7 J. In ex- 
perimemal oiodels of limb ischemia, VEGF has been 
demonstrated to prxxnote angiogenesis and collateral de- 
velopment [8-12]. VEGF has also shown promise for 
myocardial angiogenesis [J 3- 15]; however, parenteral 
administration of VEGF has been associated with dose- 
limiting hypotension [15,16] and acceleration of injury- 
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induced arterial neointimal accumulation 116J, suggcsiing 
fhal local targeting of ihc growth factor niay be essential 
for clinical use. 

Adenoviral-inediated gene iranjtfcr has been ased suc- 
cessfully to transfer genes to mammalian tissues, and 
prelijTunary studies have demonstrated the feasibility of 
efficient gene transfer to the peiicardiaJ sac. fl^J. In an 
attempt to target VEGF protein delivery (o cardiac tissues 
and to liniil systemic side-effects, we employed a second- 
generation adenovirus for transfer of the gene encoding 
human VEGl* to cardiac cells in vivo. An E la-deleted 
replication-deficient recombinaat adenoviral vector was 
utilized in which the gene encoding human VEGF^^j was 
under the control of the immediate early cytomcgaloviius 
promoter. Wc exploited Ibc sequestered environment of the 
pericardial space for site-specific gene transfer, a strategy 
that might preclude unwanted viral dissemination and 
enable the vector to evade immune surveillance, thereby 
prolonging iransgene expression. The immediate proximity 
of the cpicardial vasculature and developing collatenil 
circulation to the pericardial space and pericardial fluid 
suggested that this imxle of VEGF delivery might lead to 
enhanceinent of myocardial angiogenesis . while limiting 
systemic effects. 

Using a p-gal marker gejie, our first goal was u> 
determine die anatomic distrihudon of transgene expres- 
sion aftCT intm-pericardlal virus administration. Second, wc 
sought to characterize the magnitude and time course of 
VFXjP,^5 minsgcnc expression and to derennitie the dis- 
tribution of adenovirus in body fluids. Oir third goal was 
U) determine whether intrapericardial VEGF gene transfer 
was capable of im[TOving myocardial collateral perfusion 
in a well^haracterized canine model of progressive cor- 
onary occlusion. 



2. Methods 

The experimental protocol was approved by the Animal 
Care and Use Committee of the National Heart, Lung, and 
Blood Institute; and conducted in accordance with the 
Guide- for the Care and Use of Laboratory AnimaLx IIKJ 
and NIH issuance 3040-2: Animal Care and Use in the 
Inirainurai Program, 

2. L Surgical instrumentation 

Thirty-two mongrel dogs of either .<;ex were obtained 
from Haycock Kennels, Quakcrtown^ PA. Dogs were 
anesthetized with acepromazine, 0.2 mg/kg i.m., thiopen- 
tal sodium, 15 mg/kg i.v., and inhaled nKthoxylluranc. A 
lefit thoracotomy was performed using sterile technique, as 
previously described 113,16J. An ameroid constricUn* (Re- 
search Instxumems ;md Manufacturing, Corvallis. OR) was 
fitted on the proximal left circumflex coronary artery 
(LCx) before the origin of the firsr marginal branch, A 



silastic catheter was positioned in the left atrial appendage 
for microsphere injections to assess collateral perfiision. 
Multiple side holes were fashioned in the distal 2 cm of a 
6. 6- Fx silastic end hole catheter (Bard Access Systems, 
Salt Lake City, UT), and the catheter was secured in the 
pericardial space. The pericardium was carefully approxi- 
mated, and the chest was closed in layers. The temuni of 
the two catheters were positioned in the subcutanciHJS 
tissue of the back, the skin was closed, and the dogs were 
allowed to recover. 

2.2. Integrity of the pericardium 

Ten days after surgery, the pericardium and catheter 
were tested for leakage in a pilot dog by injecting 2 ml of 
contrast agent (Hypaque) into the pericardial space under 
fluoroscopic guidance, TIic dye flowed freely in the 
pericardial space, and no leak was visualized. 

2.3. Transduction efficiency of pericardial gene transfer 

In one dog, 6X10^ pfu AdRSV.p-gal was instilled into 
the pericardia! cavity. This gene encodes nuclear-iargctcd 
bacterial p-galaclosidasc. Myocardium, pericardium, lung, 
intestine, kidney, gonad, brain^ liver, and spleen were 
harvested 72 h after iransfcction, and bacterial p-galacto- 
sida.se acUviiy was assessed by 5-bromo-4-chloro-3-indoyl- 
P^galactopyranoside (X-gal) staining. The tissue wits 
embedded in paralTin and 5-p,ra sections were counter- 
stained with Nucleofasl red for microscopic analysis. 

2.4. Gene expression: sermn and pericardial VEGF 
levels 

To establish the ability of transduced tissue to secrete 
VEGF and to assess the tinte course of protein secretion, 
recombinant VEGF protein production was quantified by 
ELISA in six animals (three VEGF-treated, three controls). 
Samples of pericardial fluid (wtthdmwn from the indwel- 
ling catheter) and serum samples (forelimb venous punc- 
ture) were collected serially: before tresUment, and on 
post-treatn^nt days i, 3, 5, 7, 10, 14, and 21. Sanapfes 
were centrifaged at 4**C for 10 min; the supernatant and 
scrum were assayed for bunmn VEGF using a solid-phase 
ELISA kit according to tl»c manufacturer's iitstructionK 
(catalog no. DVEOO, R&D Systems, Irx:., Minneapolis, 
MN). 

2,5, In vitro techniques: biological acriviry of die 
secreted VEGF 

In order to confirm that the expressed human VEGF was 
biologicaUy active in canttie tissue, we tested the 
mitogenic activity of the expressed human VEGF on 
canine endothelial cells in vitro. Endothelial cells were 
harvested from the saphenous veins of dogs and expanded 
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in cnluire. The endothelial cells were infected with 
AdCMYVEGF,^5 nr AdRSV.3-gal al a multiplicity of 
infection (moi) of and the supernatant was collected 3 
days later. The protein product was quantified in the 
snpemaunt of both AdCMWEGF,^^ and AdRSVp-gal- 
infected cells with a solid-phase ELLSA kit as above. Two 
milliliters conditioned media was obtained from IXIG 
cells infected 3 days earlier. This was placed on canine 
endothelial cells previously growth-arrested in 0.5% 
serum- Absolute cell numbers from triplicate cultures were 
determined 3 days after exposure to the conditioned media. 

Z6. Quaniijicauon of E la-deleted adenovirus in body 
fluids 

Viral titer was quantified in urine, feces, and pericardial 
aspirates to validate confinement of the adenovinis to the 
pericardial space. Serial .<;amples were collected from an 
tinimal pretreaimcnt iind 1, 2. 3, and 6 days after pericar- 
dial instillation of 6X10*'' pfu AdCMVyFGF,„. Detection 
and quantification of adenoviral in the samples was done 
asing 293 cells (TCIDjj, assay, i.e. tissue culture infectious 
dose 50%). In the presence of E la-deleted adenovirus, 293 
cells (embryonic human kidney cells transformed by stable 
adenovinis Eia gene insertion) exhibit typical adenoviral 
cytopathic effects within 72-96 h [19] clharacterizcd by 
clumping, detachment, cell lysis, and inlra-nuclear baso- 
philic or an^phophilic inclusion bodies. Ad5 CMV-LacZ 
inoculated into normal canine urine .served as the positive 
control; the negative control consisted of a ten-fold dihi- 
tion of normal canine urine. 

2.7. Treatment groups 

Dogs were randomized to 6X lO"* pfu AdCMWEGF,^^, 
AdRSV.p-gai or saline, delivered through the indwelling 
pericardial catheter 10 days atlcT ameroid placement. 
Selection of the dose was based on our pilot experiments 
and previous studies [20J, Aliquots of slock 
AdCMWBGF,„ and AdRSV.^-gaI (6X) (generously 
supplied by GenVec, Inc., RockviUe, MD). flO'" pfa 
(volume 1 ml) were stored at -80^C until used. The viral 
solution was diluted in 3 ml senun-free EBM medium 
(Clonetics, San Diego, CA) immediately prior to adminis- 
tration. Using sterile technique, the viral solution was 
injected transcutancously through the infusion port of rt)e 
pericardial cadieter, followed by 2 ml (rf EBM medium. 

2»8, Analysis of organ toxicity 

Using aseptic technique* an 18-gauge needle was in- 
serted into the subcutaneous pon of the pericardial catheter 
on a regular basis to quantify and remove, if necessary, 
accumulated pericardial fluid. If less than 20 ml of 
pericardial fiuid could be withdrawn, it was returned to the 
pericardial space. Larger effiisions were evacuated to 



prevent pericardial tamponade. Routine hejnatologic and 
biochemical studies were performed weekly on all animals. 

2.9, tiisfology of the heart 

Cardiac histological analysis was carried out in 16 
animals (saline=6, P-gal=4, atid VEGF-6). Transmural 
sections of the heart at the mid ventricular level were 
embedded in paraffin (3-5-p.m sections) and .stained witii 
H&E. The sections were reviewed by a veterinary 
pathologist who was naive to treatment assignment. Hie 
presence of myocardial fibrosis, inflammation, and in- 
creased vascularity were noted. 

2. 10. Hemodynamic tnettsurements and quojitiftcation of 
collateral perfusion 

Regional myocardial blood How was quantilied using 
the reference sample technique 28 days after treatment 
121 1. All microsphere blrxxl flow studies were performed 
in the conscioas state during maximal coronary vasodilate 
ation. The dogs were lightly sedated widi diazepam 1-2 
mg/kg administered through the left atrial catheter. Using 
local lidocaine anesthesia, a 5F catheter (Cordis Corp.) was 
inserted into the fcnwral artery for measurement of arterial 
pressure and withdrawal of arterial reference .samples. 
Arterial pressure and the electrocaniiogram were recorded 
continuously. Maximal aironary vasodilatatitm was in- 
duced by infusing chromonar 8 mg/kg (Hoechst-RousscI 
Pharmaceuticals) into the left atrial catheter over 30 min as 
we have done previously 113,16}. After infusion of 
chromonar, approx innately 3X10^ radiolabeled micro- 
spheres (15 fun) were injected into the left atrial catheter. 
In a subset of animals, perfusion measurements were made 
using fluorescent microspheres (Interactive Medical Tech- 
nology) {22}. Microsphere perfusion measumments were 
performed in duplicate with two labels ("^Ce and **Nh for 
radiolabeled microspheres; dujil-labeled red, orange or 
violet dyes for fluorescent microspheres), and the results 
were averaged. The dogs were heparinizcd (5000 Units 
i.v.), killed with an overdose of sodium pentobarbital and 
SCCl, and the myocardium was perfusion-fixed with 10% 
buffered formaldehyde at physiologic pressure. The heart 
was cut into 7-mm transaxial slices and examined macro- 
scopically for the presence of infarcts or patchy areas of 
fibrosis. For radiolabeled microsphere analyses, the two 
cenUTal left ventricidar slices were divided into 16 wedges 
and ranked with respect to perfusion. The four wedgci 
with the highest perfu.sion were selected to represent the 
nonnal zone (NZ); the four wedges with tlje most compro- 
mised perfusion were selected to represent the collateral 
zor)C (CZ) as we have done previously [13,16], For 
fluorescent microsphere analyses, only the central slice 
was analyved. Using a dual wavelength detector system, 
intact microspheres from tissue digests were diaracterized 
with respect to dye ratio and counted using a coulter 
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system. Tissue digestion and fluorescent microsphere 
analyses were carried out by Lileractive Medical Technolo- 
gy using standard tcchnitjucs. 

Mean NZ and CZ pcifiision were calculated from the 
duplicate perfusion measurcmcnu^, and maximal collateral 
perfusion was expressed in relative terms as the CZ/NZ 
perfusion ratio as we have done previously [13,16). The 
CZ/NZ ratio was defined prospectively as the primary 
study endpoinr. Data are expressed as mean±S.E.M. 



3, Results 

Twcnty-six of 32 dogs cofnplelcd the studies. Rvc dogs 
died suddenly, 2-15 days after anieroid placement, pre- 
sumably from sudden coronary occlusion or amcroid-in- 
duccd coronary artery spasm. Two of five dogs expired 
before initial gene transfer. Of the three ainimals that died 
afler gene transfer, one hud received AdCMYVEGF,^ and 
two had received AdRSV.p-gal. Autopsies failed to show 
an obvious cause of death and death was attributed to 
anhythmia from sudden coronary occlusion. A sixth dog 
(AdCMVVKGK,^,-treated) died 5 days after randomiza- 
tion; autopsy i^vealed 250 ml of Huid in the pericardial 
space and death was attributed to cardiac tamponade. 
There was discordance between the two rncasurcmcnts of 
myocardial perfusion in one dog, and it was excluded from 
the analysis prior to breaking the study code. Thu5s . 
perfusion measurements* are reported for 25.. dogs. One 
additional dog was used for a determination of in vivo 
^-gal transfeciion efficiency. 

XL in vitro VEGF production and hiologicai activity 

VEGF was detected in the supernatant of 
AdCMWEGF,c5 cells but not in the cells infected witli 
AdRSV.^-gal. Peak VEGF levels of approximately I |tg/ 
million cells/day were observed - between days 3 and 5 
after infection^ tapering off thereafter (Fig. I). The ex- 
pressed human VEGF induced a two-fold increase in 
.proliferation of canine endothelial cdls, indicating (hat the 
VEGF was bioiogieally active, and that hs activity was 
conserved between species (data not shown). 

J.2. Pericardial transfeciion efficiency 

There was extensive ^*gal expression in the parietal 
pericardium (Rg. 2a) and q>icardium (Fig. 2b). Reporter 
gene transfer was almost entirely restricted to pericardial 
and cpicardiul cells, with scattered sparse expression in iho 
mid-myocardiunv and no detectable staining of the endo- 
cardium. 

J-?. Pericardial and serum VEGF leveis 
Pro-ircatmcni VEGF levels were negligible in both 




Time (days post infection) 

Fig- I. <n vifro VbGF prodtKtiOii. VEGF w*s detected in Uic suprnuOaal 
of AdCMWnCF,^^ delis txU not in the cells infected wrth AdRSVp-gal. 
Pcflk VEGF kvels of approximately ] (tg/minion cells/day were 
produced 3-5 days after infedtoo. The expressed hurmra VHGl** induced a 
two-fold incieasc in proliferatioa of canine eijdoilielial cells, indicating 
that the fajologica] ^'tWUy wax c(jri;$crvcd between spcdes. 



virus-treated groups. Transgene expression was evident 24 
h after viral infection, and peak pericardial VEGF levels 
were recorded on day 3 in AdCMWECF-treated dogs 
(>200 ng/ml). VEGF levels diminished u> «*I5 ng/rni by 
day 8, and tapered off gradually thereafter» such that tte 
total duration of the response was «»14 days (Fig. 3), 
Scrum VtXiK levels did not increase from pretreattnent 
values. Neither pericardial nor serum VEGF levels were 
clcvaltki in AdRSVp-gal treated animals. 

3.4, Detectifm ijf recombinant adenovirus in body fluids 

There was no delectable shedding of virus in the fecal or 
urine samples. At 6 days, the pericardial aspirate remained 
infectious and contained 5XlO*/ml TCIDj^ virus, still 
cr^able of replication in 293 cells. 

J.5. Analysis of organ toxicily 

All AdCNfWEGF, ^-treated animals developed signifi- 
cant peiicardiai effusions, 55-180 ml in volume. One 
AdCMWEOF,^5-treated animal exjnred from pericardial 
tamponade with a 250-ml hemorrhagic inllamrruaoTy effu- 
sion (elevated polymorphonuclear leucocyte count). The 
aspirated fluid was cultured in all cases and found to be 
Ccee of bacterial infection. None of the AdRSV.p-gal- 
treated animals had significant eHusions (>20 ml). 

3.6, Collateral conductance and CZiNZ perfusion ratios 

Microsphere perfusion determinationSt performed in 
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Fig. 2. Exprrsswn of p-gaJaciosidasc after intrapcriconluU iitsiiUarion of 6X10* pfii AilRSV.p-gal. The heart was harvesited 72 h posr-trcatmcni aiul X-gal 
histochcmical rfai'iiing was pcrfbnned. Panel A: reporter gene n^ansftir w-ai almost enliftiy restricted to the pariwaJ pericjinJial cells, and pand B: visceral 
pcncunlial cells fepicnrdiumV There was MruUered scanty cxprcwiion in the mid- myocardium, and no detectable staining of the ertdocardmtxt. Distmit tissues 
were free of f^gal staining. 



duplicate, showed excellcnl intra-animal agreement. In the 
normally-perfused territory of the left antcricwr descending 
coronary artery, maximal coronary conductance was simi- 
lar in the three Irc'alnicnt groups on day 28 (Table 1). 
Maximal collaleml conductajicc in the territory of the 
occluded LCx was similar in all groups, and the CZ/NZ 
ratios were virtually identical in the three treauncnt groups. 



For the critical comparison between the AdRSV.^-gaI and 
AdCMWEGF,^5 groups, mean CZ/NZ ratios were 
0.36±0.O3 and 0.36±0.04, rcspectively. 

17. Himlos 'tctd analysis 

No cylopalhic effects were grossly evident in the 
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Pigr 3. Line ploi of pericaniiul and scnim VEGP levels from dx animals 
(ihrec AdCMVyHGF-trcatcd atid ihrec AdRSV^-gal-frcated), Transjjcnc 
cxpicssioa was evident 24 h afkr viral infection, with the ntcasurabte 
*ncrca.$e in fVEGFJ pcrsii^tin^ for «14 diays. PietcctKmem VEGF levels 
were negtigjMc m buih vrms-dcared gmupK. Tlie VEGF c(»}ccntnition in 
pcricaniial fluid pcnked oa day 3 in AdCMYVKCK-trcated dogs f >200 
ng/ml). VEGF levels diminisbcd to *^ 15 ng/ml by day 8. and tstpei^ed off 
gradually ThcrcAfler. VEGF levels were noc elevated in AdRSV^gal- 
trculod animals. Scnim VEGP conceDinirinnK rcmAlncd at pretrealment 
levels ID ail groups. 

pericardium or surrounding lungs at rhe.time i>f tissue 
harvesi. i.e. stmcnues were rclaUvely free of adhesioas. 
X-gal staining of distant organs did not reveal p-gal 
expression in any tissue. 

Histological analysis 4)f the heart leveaJed no difference 
between treatment groups in tlic degree of vascularity, 
fibrosis or itiflainmation or thrombosis. Microscopic an- 
giomas or hemangiomas were not noted. 



4. Discussion 

VEGF is one of several angiogenic heparin-binding 
growth factors reported to promote collateral development 



Table i 

Myocanllal pcifusioQ and the CZ/N2 perfusion ratio' 



in animal models of myocardial and limb ischemia [8-15], 
In previous experiments in a canine model, we showed Oiai 
VEGF enhaiKed coronary collateral development when 
administered repeatedly into collateral-dependent myocar- 
dium [13]. VEGF has also been reported to improve 
coronary collateral function in pigs when infused chrcwii- 
cally near the point of coronary occlusion |14|. Enhance- 
ment of coronary collateral perfusion has nbt been attained, 
however, following relatively brief periods of VEGF 
treatment [15,16J. Moreover, hitracoronary [15] and sys- 
temic arterial [16] administration of the growth factor has 
been associated with severe dose-limiting side effects. 
VEGF is a potent vascular permeability factor [2] and 
endoihelium-dependent vasodilator [23], and caases severe 
hypotension when administered parentendly [15,16]. VEGF 
has also shown the potential to induce neointimal Accumn* 
laiion after vascular injury [16]. Thus, although VEGP 
appears to have the potential to promote myocardial 
angiogenesis, specific local targeting and/or extended 
peptide delivery may be essential to induce myocardial 
angiogenesis in the absence of toxicity f 15,16]. For these 
reasons, we considered gene transfer as a means to bring 
about ItKalized myocardial targeting of VEGF, with ex- 
tended delivery of protein to maximize therapeutic effect 
Arterial gene transfer is currently under investigation as 
a means to promote therapeutic angiogenesis in ischemic 
limbs, utilizing a hydrogel polymer-coated balloon to 
establish direct contact of naked VEGF plasmid cDNA 
with the arterial wall [24^]. This technique has important 
limitations due to the inherent inefficiency of direct arterial 
plasmid gene transfer, a problem that is magnified in 
atherosclerotic arteries. Moreover, In at least one inves- 
tigation in which this technique has been successful, a 
generalized drug effect was observed, [26} suggesting that 
limited, locally targeted therapy may not be attainable with 
this method. 
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Several investigators have demonstrated ihm second 
generation adenoviral vectont function efficiently ajt gene 
delivery vehicles in vivo [27,28], superior in efficiency to 
plasmid DNA injection (29J. Successful intrdinyocardial 
injection of adenoviral vectors has been demonstrated in 
mammals [2032]. Recently, intracoronary injection of a 
recombinant adenovirus expressing human FGF-5 was 
shown to increase perfusion and contractile funclion in the 
ischemic porcine heait [30]. Intracoronary gene delivery 
appears promising, although the potential for viral dissemi- 
nation to non-largei tissues poses an important concern. 
Viral receptors are found on the surface of a variety of cell 
types, and gcnersdized dissemination of angiogenic genes 
could lead to undesirable neovascularization in sites such 
as the letina or occult tumors. Host immune responses to 
foreign adenoviral antigens pose an additional barrier for 
gene therapy, limiting the duration of gene expression [31]. 

We evaluated pericardial VEGF gene transfer as a 
means to target the myocardium and avoid the potential 
problems associated with systemic adenoviral dissemina- 
tioo. Ela-deleted rcplication-<leficieni adenovirus with the 
gene encoding VEGF,m was delivered to the pericardial 
space. We hypothesized That the pericardium might provide 
an abundant surface area for gene Uansfer as well as an 
inherent means for viral containment. Furthermore^ the 
limited pericardial volume of distribution would tend to 
favor g^ transfer by inaxiraidng the concentration of the 
virus, and would serve to maintam the concentration of the 
expressed VEGF gene product at a relatively high level. In 
essence, the pericardium might function as a paracrine 
organ, producing high localized VEGF levels in direct 
apposition to the ^icardial arteries and developing colla- 
terals, leading to myocardial angiogcncsis. 

The pericardial space has been evaluated previously as a 
reservoir for angiogenic growth factor delivery [32,33]. 
Pericardial injecticMi of basic fibioWast growth factor has 
been reported to enhance myocardial angiogenesis [36] and 
limit infarct size after coronary embolization [37]. Woody 
ct aL have repwted gene transfer to the pericardium [17]. 
Thus, these studies, taken together, suggest that pericardial 
gene trajisfer might provide an effective means to induce 
myocardial angiogenesis. 

In the present study, we demonstrated that gene transfer 
to non-replicating pericardial and epicardial cells using 
recombitiant adenovirus vectors resulted in acceptable gene 
targeting efficiency and expression of the VEGF transgcne 
oVer a lO-14-day period. Although this strategy was 
highly effective in directing pericardial VEGF expression, 
the pericardial VEGF so produced was ineffective in 
promoting collateral development There are a number of 
potential explanations for the apparent lack of effect 

4J. Adequacy of VEGF production 

It is worthwhile to contrast the calculated mass of VEGF 
produced by gene trdnsfcr in the present experiment to the 



quantities of the VEGF peptide administered in previous 
studies in which it was found to be effective. Wc observed 
peak steady .state VEGF levels of approximately 200 ng/ ml 
in a pericardial fluid volume of roughly 2O0 mi: an 
estimated mass of approximately 40 jxg. Considering that 
the pericardial VEGF concentration decreased to 15 ng/ml 
by day 8, the total quantity of VEGF produced in the 
present investigation, mtegrated over the 2-week period of 
expression, was probably an order of magnitude less than 
the cumulative injected dose we previously found to be 
effecUYC (45 ftg/dayX20 doses=^900 m^) ll3j. .On the 
other hand, the quantity of VEGF {woduced in this 
experiment significantly exceeded the dose used by Harada 
et aL (0.06 p,g/dayX28 days=1.68 p-g) [14]. 

4,Z Direction of VEGF delivery across tfie vascular 
wall 

The presence of VEGF in the pericardial space presents 
the growth factor to the abluminal (rather than the luminal) 
side of the vasculature. Though tliis unconventional mode 
of VEGF administration im'ght he responsible for its lack 
of effect in this experiment, Harada et al. [14] found 
perivascular infusion of VEGF (mixed with heparin) to be 
effective, a method that also delivered VEGF to the 
abluminal aspect of the vasculature. Two key differences 
between the present and previous investigations should be 
underscored: Harada et al. [14] used a longer duration of 
infasion (4 wc^s, although VEGF potency was reduced by 
a factor of 2JS at the end of their study), and VEGF and 
heparin were co-admmistcrcd in their snidy. VEGF us a 
heparin-binding growth factor, and the interactions be- 
tween VEGF and heparin have not been wefl-characterized 
in vivo [34,35]. 

43. Preservaiion of VEGF activity across species 

We considered the possibility that hun^ VEGFj^j was 
not active in canine cells. In the present study, the 
expressed human VEGFj^s induced proliferation of canine 
endofeelial cdJs in vitro. Moreover, we previously found 
human VEGF,^5 to be effective on canine endothelial celJs 
in vitro [13]. 

4 A Role of inflammation 

It is plausible that adenoviral -related inflammation had a 
negative influence on collateral development in this studty. 
We found, however, that collateral function was not 
depressed in AdRSV.p-gal-treated animals (relative to 
saline-treated controls), suggesting that diis was hot the 
case. Animals treated with the p-gal virus did not develop 
hemodynamically significant pericardial effusions, but 
large, effusions were encountered consistently in 
AdCMWEGF-lreated dogs, requiring drainage to avert 
hemodynamic ccmpromise. Leucocyte counts were gencr- 
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ally elevated in these aspirates, indicative of an inflamma- 
tory respoase. 'llius, it appears that a specific biological 
effect of VEGF was responsible for the sizable and 
hemodynaniicaUy signilicunt effusions characteristic of 
these dogs. VEOF-induced vascular hyperpermeabilicy jnay 
have played an important role in this regard 12J. The 
requirement to tap the effusions subsided by day 15 post- 
transfection, coinciding with waning VEGF expression. 

Recently it has been reported that the plasmid for VEGF 
injected in the border zone of myocardial infarct in rats 
created angiomas that did not contribute to regional 
myocardial blood flow (36] . VBGF gene delivery to non- 
ischeniic muscle in mice led to an increase in vascular 
channels and hemangiotnas, associated with local high 
serum VEGF levels [37 J. Thus, there is concern that over 
expression /high doses of growth factors may have dc- 
let^ous effeas on both ischemic and non-ischemic tissue. 
We did not observe angiomas or hemjngiomas in this 
study. 

In summary, adcnoviral-mcdiatcd gene transfer is ca- 
pable of inducing sastained VEGF|^5 expression in the 
pericardium. Pericardial VEGF levels in the 200 ng/ml 
range were achieved in the absence of .an increase in 
systemic VEGF levels. Despite appreciable local VEGF 
production, however, myocardial collateral perfusion was 
not improved in this modeL These data add to a growing 
number of studies on the effects of VEGF on myocardial 
angiogenesis - a biological effect of VEGF has been 
demonstrated in some but not all of these ioyestigations. 
Additional studies ate needed to better characterize the 
response of Ac coronary collateral circulation to VEGH. 
The optimal VEGF dose, the timing, dumtion, and route of 
VEGF delivery, and the potential role of heparin co- 
administration arc important issues that merit further study. 
Moreover, it remains to be determined whether pericardial 
gene tnmsf^ of alternative forms of VEGF or other 
angiogenic growth factors might foster collateral growth. 
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Targeted Expression of a Dominant-Negative Ky4.2 
Channel Subunit in the Mouse Heart 

Alan D. Wickenden, Paul Lee, Rajan Sah, Qian Huang, Glenn 1. Fishman, Peter H. Backx 

Abstract — ^Action potential duration is prolonged in many forms of heart disease, often as a result of reductions in 
Ca^^-independent transient outward currents (ie, /J. To examine the effects of a primary reduction in f.^ cun-ent in 
the heart, transgenic mice were generated that express a dominant-negative N-terminal fragment of the ¥i^42 
pore-forming potassium channel subunit under the control of the mouse a-myosin heavy chain promoter. Two of 6 
founders died suddenly, and only 1 mouse successfully transmitted the transgene in mendelian fashion. Electrophysi- 
ological analysis at 2 to 4 weeks of age demonstrated that density was specifically reduced and action potential 
durations were prolonged in a subset of transgenic myocytes. The heterogeneous reduction in was accompanied by 
significant prolongation of monophasic action potentials. In vivo hemodynamic studies at this age revealed significant 
elevations in the mean arterial pressure, peak systolic ventricular pressures, and ±dP/dt, indicative of enhanced 
contractility. Surprisingly, by 10 to 12 weeks of age, transgenic mice developed clinical and hemodynamic evidence of 
congestive heart failure. Failing transgenic hearts displayed molecular and cellular remodeling, with evidence of 
hypertrophy, chamber dilatation, and interstitial fibrosis, and individual myocytes showed sharp reductions in and /ki 
densities, action potential duration prolongation, and increased cell capacitance. Our results confirm that Ky4.2 subimits 
contribute to in the mouse and demonstrate that manipulation of cardiac excitability may secondarily influence 
contractile perfonnance, (Ore Res. 1999;85:1067-1076.) 

Key Words: channel ■ transgenic ■ cardiac electrophysiology ■ mouse ■ heart failure 



Heart disease results from a variety of primary genetic and 
acquired stimuli J-* Regardless of the initiating cause, 
neurohiimoral and cellular responses typically cause hyper- 
trophic remodeling of the heart characterized by genetic, 
biochemical, structural, and functional alterations within 
myocytes.''*"' ° One commonly observed feature of diseased 
myocardium is action potential prolongation.""'^ Although 
the cardiac action potential arises from the composite activity 
of numerous ion channels and transporters, its. prolongation 
correlates strongly with reductions in repolarizing K* cm- 
rents and K"^ channel gene expression, particularly the Ca^'^- 
independent transient outward current (/to)-"*'^"'^ 

Heterogeneous action potential prolongation is associated 
with an enhanced propensity for cardiac arrhythmias.'2.i3.i6j7 
The abnormally prolonged repolarization predisposes to early 
and delayed afterdepolarizations and triggered activity, 
whereas the dispersion of refractoriness may facilitate stable 
reentry.'*-'* This association between action potential pro- 
longation as a result of reduced currents and arrhythmias 
is highlighted by the high incidence of arrhythmogenesis in 
acquired and inherited forms of the long-QT syndrome. "^•^'^ 



Action potential prolongation also strongly influences 
[Ca^*]i transient magnitude.^' This effect appears to underlie 
the positive inotropic actions of a-adrenergic receptor acti- 
vation^-^^ that occurs both acutely and chronically in heart 
disease. '° In turn, elevated Ca^"^ may contribute to cellular 
hypertrophy commonly seen in heart disease by acting as a 
stimulus for cellular growth through the activation of a 
number of cell signaling pathways,' such as the recently 
described calcineurin-dependent pathway .^^ 

In this study, we examined the phenotypic consequences of 
a primary reduction in repolarizing transient outward currents 
in the heart. We created transgenic mice overexpressing an 
N-temiinal fragment of Ky4.2, a strategy predicted to specif- 
ically reduce by a dominant-negative mechanism.^** 
We foimd that expression of the transgene was poorly 
tolerated; of 6 transgenic founders, 2 died suddenly, 3 others 
failed to achieve germline transmission, and only 1 line 
transmitted the transgene in mendelian fashion. In this sur- 
viving line, neonatal hearts appeared structurally normal but 
displayed increased contractility in vivo, and myocytes 
showed specific although heterogeneous reduction in 
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Figure 1. K* channel constaicts and in vKro characterization. A, 
Schematic diagram of the protein, which contains 6 trans- 
membrane segments (S1-S6) and a pore-forming loop between 
S5 and S6. A truncated N-terminal fragment of M-2 (M-^N) 
encoding the first 311 amino acids (S1-S4) of the parent mole- 
cule was generated. The truncated N-terminal construct con- 
tains those sequences that are known to t>e important for 
subtype-specific tetramerization but lacks the pore-fonming 
P-loop. An HA epitope tag was placed in frame at the C termi- 
nus of the Kv4^N gene, B, Whole-cell voltage-clamp records 
show typical families of outward currents recorded in tsa201 
cells transfected with full-length Kv4.2 plus a 3-fold excess of 
vector alone (left, top) or with full-length K,4,2 plus a 3-fold 
excess of M.2N-HA (left, bottom). Kv4.2 induced the expres- 
sion of large, inactivating outward currents that were absent in 
cells cotransfected with a 3-fold excess of Kv4.2N-HA. Right, 
Relative current densities in control cells (Kv4,2 alone, open bar), 
in cells cotransfected with a 3-fold excess of Kv4.2N-HA (solid 
bar), and in cells cotransfected with a 3-fold excess of a trun- 
cated Kv1-4 fragment (Ky1.4N. hatched bar). Data are 
mean±SEM of 5 to 27 experiments. 

currents. By 10 to 16 weeks of age, transgenic mice devel- 
oped progressive cardiac hypertrophy and chamber dilatation, 
culminating in congestive heart failure and death. 

Materials and Methods 
Plasmid Constructs 

Expression plasmids encoding rat K^4.2, K,1.4, and K^.l were 
kindly provided by Drs J. Nerbonne (Washington University, St. 
Louis, Mo), MM, Tamkun (Colorado State University, Fort Collins, 
Colo), and R. Joho (University of Texas, Dallas, Tex), respectively. 
The dominant-negative K^4.2N-HA construct was prepared by fus- 
ing amino acids 1 to 3 11 of wild-type K^4.2 in frame to an HA 
epitope tag (Figure lA). 

Generation of Kv4.2N Transgenic Mice 
The K^4.2N-HA gene was targeted to the heart using regulatory 
elements from the mouse a-myosin heavy chain gene (aMHC; 
clone 26, kindly provided by Dr J. Robbins, University of 
Cincinnati, OH). Transgenic mice were generated in the 
B6XCBAF2 background as previously described.^' Mice express- 
ing; the transgene were initially identified by Southern blotting 
and subsequently by PCR. 

Northern and Western Blot Analyses 
Northern blot analyses was performed as described previously using 
probes to phospholamban ^LB), sarcoplasmic/endoplasmic reticu- 
lum Ca^* ATPase (SERCA), atrial natriuretic factor (ANF), 
p-myosin heavy chain (jBMHC), Kv4.2, and GAPDH.32 Crade 
membrane preparations from pooled mouse hearts were analyzed by 
Western blot as previously described,^* using a monoclonal antibody 
to the HA epitope tag (Boehringer Mannheim) and rabbit polyclonal 
antisera raised against an amino-terminal epitope of the rat Rv4^ 
protein. 



Isolation of Mouse Ventricular Myocytes 

Mouse hearts were isolated and perfused in retrograde fashion with 
a solution of collagenase and protease using a slight modification of 
a procedure previously described,^* 

Electrical Recordings in Ventricular Myocytes, 
Oocytes, and tsaZOl Cells 

Two-electrode voltage-clamp recordings of Xenopus laevis oocytes 
were performed as previously described.^^ Membrane currents were 
recorded from mammalian tsa201 and from Ca^*-tolerant, rod- 
shaped ventricular myocytes using the whole-cell configuration of 
the patch-clamp technique,^'* essentially as previously described.^^ 
/„ was measured as peak current ehcited by the depolarizing 
voltage step minus the current remaining at the end of the 500-ms 
voltage step (ie, /500X was measured as a Ba^'*^-sensitive current 
using 500-ms steps from —130 to 0 mV (10-mV increments) from 
the holding potential in the presence and absence of 03 mmol/L 
BaClz- Action potentials were elicited at a frequency of 1 Hz and 
were recorded in the absence of C^^, 

Microsurgical Methods and In Vivo 
Hemodynamic Measurements 

Mice were anesthetized, and the carotid artery was cannulated with 
polyethylene tubing (PE-200), which was connected to a TXD-310 
low-compliance pressure transducer (MicroMed) and amplified by a 
blood pressure analyzer (BPA model 300, MicroMed). Heart rate, 
aortic pressure, left ventricular (LV) systolic pressure, LV diastolic 
pressure, and the maximum and minimum first derivatives of the LV 
pressure (+dP/dto^ and -dP/dt^, respectively) were recorded. 

Echocardiographic Assessment 

Mice were anesthetized and examined by transthoracic echocardiog- 
raphy using a 12-MHz probe (Hewlett Packard). Ejection velocity, 
end-systolic (ESD), and end-diastolic (HDD) dimensions were rec- 
orded and fractional shortening (FS) was calculated as: 
FS-(EDD-ESD)/EDD. 

Monophasic Action Potentials 

Hearts were retrogradely perfiised with Tyrode's solution at 37*'C, 
and action potentials were recorded from the surface of the left 
ventricles using a close-bipolar configuration .3** The times for 50% 
(APD50) and 90% (APD90) repolarization were recorded. 

An expanded Materials and Methods section is available online at 
http://www.circresaha.org. 

Results 

Characterization of the Kv4,2N 
Dominant-Negative Construct in Xenopus Oocytes 
Initial experiments were designed to test the efficacy and 
specificity of the epitope-tagged dominant-negative Kv4.2N 
construct, schematized in Figure lA. Coinjection of the 
HA-tagged truncated Ky4.2N-HA widi the fiill-lengtii K,4.2 
into Xenopus oocytes caused a significant (F<0.01), dose- 
dq)endent reduction in ciurent (ie, peak current amplitude 
was 1.13±0.13 M [n=16], 0.25±0.04 ^ [n=12L and 
-0.18±0.11 ftA [n=7] when the ratio of Kv4.2N to K,4.2 
was 0:1, 1:1, and 3:1). In contrast, peak current was not 
affected by coinjection of a 3-fold excess of the parental 
pG Wl H plasmid with K,4.2 (1.11 ±0.09 ftAy» or coinjection 
of a 3- to 10-fold excess of K,4.2N-HA with K^l.4 or KJIA 
(data not shown). Similar dominant-negative inhibition was 
observed in tsa201 mammalian cells. Figure IB shows typical 
families of outward currents recorded in cells transfected 
either with K^4.2 plus a 3-foId excess of vector alone (top) or 
with Kv4.2 plus a 3-fold excess of K^4.2N-HA (bottom). 
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Figure 2. A. Northern (left) and Western (right) blots detecting 
Kv4.2N-HA transgene expression in hearts from control (C) and 
transgenic (T) mice at 3 weeks of age. Using antibodies against 
the N terminus of the Kv4.2 channel, the truncated Kv4.2N is 
only expressed in transgenic mice, whereas full-length Kv4.2 
gene is readily detected in both control and transgenic mouse 
hearts. Note that in transgenic mice, expression of Kv4.2N-HA is 
much higher (ie. 10-fold) than the endogenous full-length Kv4.2 
protein. B, Time course of Kv4.2N expression measured by 
Western blotting of mouse hearts with antit>odies raised against 
the N-temiinal fragment (je. Kv4.2 Ab) or the HA epitope (ie, HA 
Ab). No K/t.2N is detected in hearts from controls at 3 (C3) and 
6 (C6) weeks of age. Levels of expression are similar in trans- 
genic mice at 3 (TS). 6 {X% and 12 (T12) weeks of age. 



K,4.2N-HA coexpression significantly (/'<0.001) reduced 
current densities from 375±84 pA/pF (n=17) to only 
7.9 ±6.4% of control (n=6)- In conn^st, a 3-fold excess of 
1C4.2N-HA did not affect Kvl.4 current densities. Collec- 
tively, these results establish that the Kv4.2N-HA fragment 
potently and specifically inhibits Kv4.2-based currents, as 
expected from previous results.^' 

Generation and Initial Characterization of 
Transgenic Mice 

Six founders harboring the Kv4.2N transgene were initially 
identified from a total of 34 live births screened. Two of these 
founders died suddenly before yielding any progeny and were 
discarded without farther analysis. Three additional founders 
produced multiple litters with no transgenic offspring. The 



sixth founder yielded several litters with a normal distribution 
of transgenic progeny from which a line was established and 
then died suddenly as well. These initial observations of the 
Fo transgenic mice strongly suggested that expression of the 
dominant-negative K"^ channel subunit in the heart was 
deleterious. 

Transgene expression in the hearts of mice from the 
established line was examined at both the transcript and 
protein levels, as illustrated in Figure 2 A. Northern blot 
analysis of cardiac RNA revealed abundant accumulation of 
the MHCa-Kv4.2N transcript (left). Western blot analysis 
using an antibody directed against an amino-terminal epitope 
of Kv4.2 {Kv4.2 Ab) detected expression of the endogenous 
Kv4.2 protein in both control and transgenic hearts, whereas 
the truncated HA-tagged protein was expressed exclusively in 
transgenic hearts (right). The identity of the truncated Kv4.2N 
protein was confirmed by immunoblotting with a monoclonal 
antibody directed against the HA epitope tag. The level of 
Kv4.2N expression remained tmchanged from 3 weeks to 12 
weeks of age (Figure 2B). 

Clinica! Course 

Although transgenic mice initially appeared healthy and 
indistinguishable from nontransgenic littermates, by 1 2 to 13 
weeks of age most transgenic mice developed obvious signs 
of congestion consistent with biventricular heart failure. Mice 
at this stage were dyspneic and sedentary and frequently 
appeared edematous, as illustrated in Figure 3A. Hearts 
isolated from transgenic mice at 13 weeks were enlarged 
(Figure 3B and 3C), and heart weight/body weight ratios were 
significantly increased compiared wath littermate controls, as 
summarized in Table 1 . On cross section, ventricular hyper- 
trophy and chamber dilatation, especially in the left atrium, 
was observed (Figure 3D through 3F). There was also 
evidence of myocyte hypertrophy, myocyte cell loss, and 
interstitial fibrosis and cellularity (Figure 3G through 31). A 
markedly dilated left atrium with organized thrombus forma- 




Bgure 3. Cardiomyopathy in trans- 
genk; xxxoe, A Wiki-type fleft) and trans- 
genic (right) ffttemiates, with obvious fkid 
accumulation bi the M.2N mouse. B and 
C. Gross appearance of a wfld-type (B) and 
transgeroc (Q heart at 12 weeks of aga The 
cardiac contour is rounded and the left 
atrium Is markedly enlarged in the trans- 
^ic nrxxjse. D, A long-axis view of a trans- 
genic heart demonstrates the chamber d2a- 
tatkin, inducfing a markedly dilated left 
atriun that is ftOed wrth an organized throm- 
txjs. E and F, Short-axis view at tfie papS- 
lary musde level of hematoxylin and eoscr>- 
stahed frozen section of a wild-type {9 arxJ 
a transgenic (F) heart, showing evidence of 
ventricular hypertrophy and chanit^er cSata- 
tion. G tiKDugh I. hfigher-power views of 
formalirv-fixed and parainrv-emt^edded seo- 
tior« from matched control (G} arKJ trans- 
genic (H and 0 ventrtcutar rnyocartfiurri, 
showing rnyocyte cell loss, cedular hypertro- 
phy, vacuoTi^ifoi, inter^ititial fibrosis, and 
increased interstftial ceUularTty. J, hfig^- 
power view of the 1^ atrial tfvombus seen 
in virtually an transgenic hearts. 
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TABLE 1. Morphological Properties of Mouse Hearts 

3 Weeks 12 to 14 Weeks 



Control Transgenic Control Transgenic 



Body weight, g 


10.4 


±0.4 (14) 


10.5± 


0.6 (8) 


21.6 


±0.8 (8) 


21 .2± 


1-3(9) 


Heart weight, mg 


68 


i3(14) 


68± 


4(83 


112 


±4(8) 


173± 


5* (9) 


Heart/body, mg/g 


6.6 


±0.2 (14) 


6.5± 


0.2 (8) 


512 


±0.1 (8) 


8.4± 


0.8* (9) 


liing/body. mg/g 


7:3 


±0.3 (5) 


7.1 ± 


0.4 (4) 


6.6 


±0.1 (4) 


10.4± 


1.2M4) 


Uver/body, nr»g/g 


46.1 


±0.4 (5) 


43.6± 


0.5(4) 


42.0 


±0.4 (4) 


48.5± 


5-3(4) 



Number of indh/idual mice studied is shown in parentheses. 
*P<0.05 between age-matched transgenic and nontransgenic mice. 



tion was obseived in essentially all transgenic mice at this 
stage (Figure 3J). 

Phenotypic Characterization of 2- to 3.5-Week-Old 
Transgenic Mice 

To begin to understand the time course of disease progression 
in the MHCa-Kv4.2N transgenic mice, we first characterized 
cardiac moiphology, gene expression, ionic currents, and 
hemodynamic properties in neonatal preparations. At 2 to 3.5 
weeks of age, despite robust transgene expression (Figure 2), 
there was no overt evidence of cardiac hypertrophy (see 
Table 1). Heart weights and heart weight/body weight ratios 
were indistinguishable from those of nontransgenic litter- 
mates. There was a modest increase in ventricular ANF 
expression but no significant alterations in other traditional 
markers of cardiac hypertrophy, including SERCA and PLB, 
as summarized in Table 2. In fact, average myocyte mem- 
brane capacitance (C^,) was significantly smaller (P<0.04) in 
transgenic myocytes (Cm=87.0±3.8 pF, n=33) compared 
with nontransgenic control cells (Cm=107.5±4.8 pF, n=27), 
consistent with the absence of gross cardiac enlargement. 

We next examined the electrophysiological properties of 
myocytes from young transgenic mice and nontransgenic 
littermates. Figure 4 A shows representative current density 
traces in right ventricular myocytes from 23-day-old control 
(left) and transgenic (center and right) littermates; Figure 4B 
shows the corresponding current-voltage relationships of the 
peak ctirrent (■) and the current remaining at the end of the 
500-ms pulse (□) (ie, /joo) for the same cells. The difference 
between the peak outward current and the current remaining 
at the end of the 500-ms pulse was defined as the transient 
outward current (ie, I^, The frequency histogram of shown 
in Figure 4C demonstrates uniformly high current densities in 
control myocytes, with only 1 1 .5% of these cells exhibiting 



TABLE 2. Gene Expression 







3 Weeks 


12 to 14 Weeks 




Control 


Transgenic 


Control 


Transgenic 


ANF 


1 


±0.23(5) 


2.74+0.46' (6) 


1±5.47{5) 


42.7±4.99*(6) 


SERCA 


1 


±0.11 (5) 


1.55±0.23(6) 


1±0.13(5) 


0.56±0.12*(6) 


PLB 


1 


±0.07(5) 


1.26+0.23(6) 


1 ±0.07 (5) 


0.34±0.06*(6) 




1 


±0.14(5) 


1.30±0.11 (6) 


1 ±0.83 (5) 


3.77+0,74* (6) 



Numt}er of individual mk:e studied is shown in parenttieses. 
*/^c0.05 between age-matched transgenrc and control mice. 



densities below 40 pA/pF. In contrast, transgenic myocytes 
displayed a much broader range of densities, and almost 
half (45.4%) exhibited 4 densities below 40 pA/pF. Statisti- 
cal comparisons based on )^ tests (see Materials and Meth- 
ods) revealed that the 2 distributions were statistically distinct 
(F<0.05). Moreover, bivariate normal distribution functions 
gave statistically better fits (P<0.05, F statistics) to the 
current amplitude distribution data than a monovariate func- 
tion in the transgenic mice but not in the control mice. These 
observations suggest that the current densities in transgenic 
mice comprise 2, or possibly more, populations of cells (see 
Discussion). Overall, at this age, current densities were 
significandy (F<0.05) reduced in transgenic myocytes 
(48.7 ±5.4 pA^F, n=33) compared with control myocytes 
(61 .2 ±4.3 pA/pF, n=26), as assessed using the nonparamet- 
ric Kolmogorov-Smimov method. Identical observations 
were made from myocytes isolated firom the left ventricle, 
where measured at +60 mV was significantly (P<0.02) 
reduced from 57.4 ±4.3 pA/pF (n=22) in control hearts to 
39.6±3.1 pA/pF (n=25) in transgenic hearts. 

Next, we investigated whether changes in were associ- 
ated with alterations in acrion potential duration (APD). 
Control action potentials were typically short and showed no 
evidence of a plateau (Figure 4D, lef^). On average, conbx)! 
APD50 and APD90 values were 3.5±0.16 ms (n=12) and 
20.6 ±2.1 ms (n= 12), As with /to, some myocytes from young 
transgenic mice had spiked action potentials that were indis- 
tinguishable from those of control cells (Figure 4D, center), 
whereas other myocytes had markedly prolonged action 
potentials that were never seen in controls (Figure 4D, right). 
Iinportantly, the myocytes with, reduced invariably had 
prolonged action potentials, consistent with 4, reduction 
being responsible for APD prolongation. Despite mixed 
populati(Mi5 of myocytes in transgenic mice, the average 
APD50 and APD90 values were significantly (/*<0.03) pro- 
longed in transgenic mice compared with control mice. 
Consistent with these observations, we found that monopha- 
sic action potentials recorded from the apical LV epicardium 
of transgenic hearts were significantly prolonged at both 50% 
and 90% of repolarization, as shown in Figure 5. APD50 was 
12.3±1.0 ms in control versus 49.2±8.3 ms in transgenic 
hearts (P<0.003), and APD90 was 53.5±5.9 ms in control 
versus 1 08.7± 1 1 .0 ms in transgenic hearts (P<0.005), estab- 
lishing diat global changes in repolarization occur in young 
transgenic mice, Despite changes in APD, no differences in 
resting membrane potential between the groups (-83.8±0.9 
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Figure 4. K* currents in 2- to 3.5- 
week-old mice. A. Representative out- 
ward current traces from a right ven- 
tricular myocyte from a 23-day-old 
control mouse 0efl) and from a trans- 
genic littenmate (center and right). Out- 
ward K* currents were induced by 
500-ms depolarizations to a range of 
voltages (-40 to +60 mV in 10-mV 
steps) from a holding potential of -80 
mV. Cun'ent traces have tjeen normal- 
ized for cellular capacitance. Markers 
indicate 0 pA/pF. B, Cunnent-voltage 
relationships, for the peak current (■) 
and the cunrent remaining at the end of 
the 500-ms pulse (P). were con- 
structed by plotting cunrent density 
against step potential and are shown 
for control (left) and transgenic cells 
(center and right). Outward currents are 
reduced in some transgenic cells. C. 
Frequency distribution of /to density in 
26 control (open bars) and 33 trans- 
genic (solid bars) cells, /to density at 
this stage in control myocytes was unt- 
fonmly high, whereas outward currents 
in a large subset of transgenic cells 
were cleariy reduced. D. Typical repre- 
sentative action potenttaJs from young 
control (left) and transgenrc mice (cen- 
ter and right). Action potentials were 
typically spikelike in control mice, but 
APO was heterogeneous in the trans- 
genic mice, with some action potentials 
similar to those of control mice (center) 
and others markedly prolonged (right). 
The action potentials shown in panel D 
were recorded from the same myocytes 
as those shown in panels A and B. 



mV [n=12] and -83.7±0.7 mV [n=16], in control and 
transgenic cells, respectively) as expected from the /kj results 
(see Figure 6). 

To examine the specificity of the Kv4.2N-dependent reduc- 
tion of /to, several additional K* currents were examined, /joo 
(recorded at the end of a 500-ms depolarization step) and the 
distribution histograms were no different (P>0.1) in right 
ventricular myocytes from 2- to 3.5-week-old transgenic 
compared with control mice (/5oo=24.4±1.3 pA/pF [n=26] 
control versus 2 1.5 ±1.2 pA/pF [n=31] transgenic). Similar 
results were observed in myocytes isolated from the left 
ventricle (not shown). Furthermore, /ki densities were not 
significantly different between transgenic cells exhibiting 
densities <40 pA/pF(/K, density=-15.5i2.1 pA/pF, n=9) 
and control cells (-15.7±1.4, n=13) or transgenic cells 
exhibiting an /to density above 40 pA/pF (-16.4±0.6 pA/pF, 
n=ip), as illustrated in Figure 6. As expected, an ANCOVA 
on the distributions summarized in Figure 4C confirmed that 
/ KI densities did not correlate with /^ (F>0.6) (see online 
supplementary information for a tabulation of all electrophys- 
iological parameters; httpy/www.circresaha.org). 



We next examined the hemodynamic characteristics of 
these young mice. The mean aortic pressure and peak systolic 
ventricular pressures were significantly elevated in transgenic 
mice compared with age-matched control littermates. More 
notable were the significant increases in the magnitude of 
both +dP/dt and -dP/dt in the transgenic mice versus 
littermate controls. Neither heart rates nor end-diastolic 
pressures were significantly different between the groups, 
suggesting that the differences in dP/dt between the groups 
were not due to changes in preload. These differences in 
hemodynamic parameters are not the result of the limited 
fi^uency response of oiu* pressure recording system, because 
signal filtering will tend to reduce (not enhance) the observed 
differences. The elevated contractility coincided with signif- 
icant increases in both peak LV ejection velocities and 
fractional shortening, as measured by echocardiography using 
I>oppler and M-mode recordings, respectively. These results, 
summarized in Table 3, establish uneqmvocally that contrac- 
tility was elevated in the transgenic mice with reduced and 
global action potential prolongation, before the development 
of overt hypertrophy. 
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Figure 5. Monophasic action potential recordings. A. Typical 
monophasrc action potential recordings from isolated hearts 
from control (left) and transgenic (right) mice. B, On average. 
APDso and APD90 were significantly fP<0.01) longer in the 
transgenic mouse hearts (hatched bars) vs control hearts (solid 
bars). Data are mean±SEM. 

Phenotypic Characterization of Adult Mice 

By 3 to 4 months of age, most transgenic mice developed 
clinical signs of congestive heart failure accompanied by 
gross and histological evidence of a cardiomyopathy (Figure 
3). Hemodynamic studies confirmed this impression. Com- 
pared with littermate controls, transgenic mice had signifi- 
cantly (P<0.05) reduced peak aortic pressures, reduced peak 
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Figure 6. Iriward rectifier cun-ents m 2- to 3.5-week-oId mice. A, 
Representative families of repolarizing K* currents recorded 
from myocytes Isolated from 2- to 3.5-week-old control (left) 
and transgenic (right) mice. Cuments were elicited by 500-ms 
steps to voltages in the range -130 to 60 mV (in 10-mV incre- 
ments from -130 to -60 mV and then in 20-mV steps to 60 
mV). /ki derisitles were similar in the control and the transgenic 
cells, despite the fact that /to was absent in the transgenic cells. 
B. /ki density in control cunnent O and transgenic (■) ceils 
were detemnined at -130 mV and plotted against l^o density (at 
60 mV) in the same ceils. Cells below the dashed horizontal One 
and to the right of the dashed vertical line express low /to den- 
sfty and low /ki d^tsity, respectively (see text for explanatton). 
ANCOVA of the distributions confirmed that low /ki densities 
were not predictors of the density of /,o- 



systolic ventricular pressures, increased LV end-diastolic 
pressures, elevated heart rates, and severe depression of both 
-fdP/dt and -dP/dt. Consistent with these hemodynamic 
changes, echocardiographic studies revealed that adult trans- 
genic mice displayed significant reductions in LV fractional 
shortening and peak aortic injection velocities, as summa- 
rized in Table 3. 

In contrast to the findings in young transgenic mice, the 
average myocyte membrane capacitance (Cm), estimated in 
patch-clamp experiments, was significantly (/*<0.05) greater 
in transgenic cells (232±16 pF, n=16) compared with 
control cells (156±6 pF, n-23). Figure 7 shows representa- 
tive current density traces (Figure 7A) and average cxirrent- 
voltage relationships (Figure 7B) recorded in control (left) 
and transgenic (right) right ventricular myocytes. Whereas 4 
was activated over the same range of voltages between the 2 
groiq)S, the average cuirent densities at +60 mV were 
reduced in transgenic (16.5±3.9 pA/pF, n=ll) compared 
with control cells (48.4±3.4 pA/pF, n=21). As expected 
from the reductions in outward currents, action potentials 
were typically prolonged in myocytes isolated from the 
transgenic mice compared with age-matched control mice 
(Figure 7C). On average, APDjo and APD90 values were 
significantly (P<0.05) different between control (3.8±0.3 
and 17.5±1.6 ms, n=8) and transgenic (7.7±0.7 and 
87.9±19 ms, n=7) mice. Similar significant (P<0.003) 
reductions in density and action potential prolongation 
were observed in myocytes isolated from the left ventricle of 
transgenic mice compared with nontransgenic controls (ie, 
was 43.7±4.5 pA/pF [n= 17] control versus 25.4±2.4 pA/pF 
[n=33] transgenic). 

Finally, we examined whether the onset of cardiac hyper- 
trophy and failure was accompanied by more global abnor- 
malities in ionic currents or gene expression typical of 
diseased myocardivim. Figure 8 shows representative inward 
rectifier (40 current densities and current-voltage relation- 
ships in control and transgenic mice. The average Ba^"^- 
sensitive current-voltage relationships for control (■) and 
transgenic (•) mice, /ki, was significantly (P<0.005) re- 
duced. At -130 mV, /k, was -14.8±1.0 pA/pF (n=I2) and 
-6.5 ±0.7 pA/pF (n=8) in control and transgenic cells, 
respectively. In association with reductions in /r,, transgenic 
myocytes had resting membrane potentials (-76.3 ± 1 .6 mV, 
n=7), which were significantly reduced (/'<0.05) compared 
with control resting potentials (-82.3±1.8 mV, n=8). 

Perturbations in cardiac gene expression were also evident 
at this stage. As illustrated in Figure 9 and summarized in 
Table 2, SERCA and PLB transcript abundance were both 
significantly reduced by 2- to 3-fold (P<0.04); /5MHC gene 
expression was reinduced; and ANF levels were markedly 
increased, almost 50-fold (/'<0.01), in transgenic mice com- 
pared with littermate controls. Despite the obvious reductions 
in /to current shown in Figure 6, endogenous Kv4.2 message 
and protein were noodestly increased in transgenic mice 
compared with controls. 

Discussion 

Previous studies in animal models and human patients have 
established that reductions in the Ca^^-independent transient 
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TABLE 3. Hemodynamic and Echocardiographic Analysis 





2 to 3 Weeks 


12 to 14 Weeks 


Control 


Transgente 


Control 


Tran^npnir 


Peak aortic pressure, mm Hg 


72±2(20) 


85±5(17)* 


91 ±3 (9) 


63±5(7)* 


Peak LV systolic pressure, mm Hg 


73±3(13) 


89±4 (9)* 


95±6(5) 


60±5(6)* 


LV end-diastolic pressure, mm Hg 


3.6i0.7(9) 


3.3±07(13) 


3.0±0.8 (5) 


20.2+2.1 (6)* 


Peak +dP/dt, mmHg/s 


1956±83 (9) 


2470±146 (13)* 


3458±148 (4) 


927± 269(6)* 


Peak -dP/dt, mmHg/s 


-1777±98(9) 


-2284 ±135 (13)* 


-3398±133 (4) 


-709+142(6)* 


Heart rate, beats/min 


287i:11 (17) 


267±12(20) 


234±14{9) 


350+19(7)* 


Fractional shortening 


0.45±0.01 (7) 


0.50+0.01 (7)* 


0.45±0.05 (2) 


0.24+0.02(2)* 


Peak aortic ejection velocity, m/s 


0.80±a022 (6) 


0.90±0.04*(6) 


0.92±0.03 


0.69+0.03* 



Number of individual mice studied is shown in parentheses. 
*/'<0.05 between age-matched transgenic and control mice. 



outward current (4,) are among the most common alterations 
in currents observed in heart disease,"-*3^8-4o jjj 
study, we sought to understand whether alterations of ionic 
currents such as in heart disease simply reflect global 
alterations in cardiac gene expression or whether these 
electrophysiological changes might contribute to the disease 
process. Members of the K„4.x family have previously been 
demonstrated to contribute to cardiac in a number of 
species and to be downregulated in disea$e.26'29,4i-44 Accord- 
ingly, we targeted expression of a dominant-negative Kv4.2N 
fragment to the heart using the aMHC promoter, with the 
expectation that such a strategy would specifically repress 
cardiac Kv4.x-dependent currents.^^ Generation of stable 
transgenic lineages harboring the Kv4.2N transgene was 
difficult, immediately suggesting that expression of the trun- 
cated protein in the heart was poorly tolerated. Ahhough our 
studies were therefore limited to observations in a single 
transgenic line, other investigators have reported a similar 
deleterious phenotype with Kv4.2 tnmcation mutants (G. 
Tomaselli, personal communication, November 1998), sug- 
gesting that the observed effect is specific to expression of the 
mutant protein and not a result of insertional mutagenesis. 

Phenotypic evaluation of the MHCof-Kv4.2N transgenic 
mice demonstrated progression from a hypercontractile state 
with normal cardiac morphology to one of profound myocar- 
dial hypertrophy, dysfunction, and failure. The enhanced 
contractility in young transgenic mice is likely a result of 
prolongation of the APD and the resulting effects on [Ca^*]i 
transient amplitude. Indeed, [Ca^^Ji transients are elevated in 
transgenic myocytes from 2- to 3.5-week-oId mice with 
prolonged action potentials compared with myocytes with 
normal action potential profiles (data not shown). Such a 
relationship between APD prolongation and [Ca^^Jj transients 
has previously been described in dissociated myocytes in 
several settings, including normal cells subjected to action 
potential clamp, myocytes from rats with experimental myo- 
cardial infarction or with spontaneous hypertension, as well 
as those transduced with adenoviral vectors expressing 
channel subunits.2»'35.45.4« However, this is the first report, to 
our knowledge, demonstrating that primary genetic manipu- 
lation of the action potential can influence cardiac contractil- 
ity in vivo. 



The mechanisms accounting for the progression from the 
hypercontractile phenotype in young mice to congestive heart 
failure in the older animals is unclear, although a niunber of 
possible explanations exist. A variety of kinases, phospha- 
tases, and receptor signaling pathways contributing to myo- 
cyte growth and possibly apoptosis are directly activated by 
Ca^*^ or use Ca^* as an essential cofactor.^^-^'^ '** Thus, the 
development of heart disease and hypertrophy in these mice 
might conceivably be linked to sustained elevations in [Ca^"^]; 
secondary to APD prolongation. 

Alternatively, the heart failure phenotype in older mice 
may not be directly linked to APD prolongation and elevated 
[Ca^^Ji but rather to unanticipated and indirect effects of the 
ectopically expressed mutant Kv4.2N polypeptide. Recent 
studies have demonstrated that overexpression of foreign 
proteins can induce an endoplasmic reticular (ER) stress 
response, resulting in activation of a number of cell signaling 
and kinase pathways such as C/EBP homologous protein 
(CHOP) and the induction of apoptosis.'''''^° Consistent with 
this mechanism, previous studies in cultured myocytes ex- . 
pressing a truncated Kv4.2-GFP fusion construct^' as well as 
GH3 pituitary cells expressing a truncated Kvl.l polypep- 
dde^^ have both demonstrated abnormal trapping of the 
mutant protein in the ER. Indeed, Huang and Izumo^^ have 
recently described a cardiomyopathy in transgenic mice 
expressing high levels of a "biologically inert" protein. Thus, 
it is conceivable that the truncated Kv4.2N polypeptide, 
which is expressed at levels 10-fold greater than the 
endogenous full-length protein, may induce a cardiomyopa- 
thy by interference with normal cell trafficking and the 
induction of an ER stress response. Consistent with this 
alternative mechanism, Barry et al^ have reported that 
reducing by overexpressing an altemative dominant- 
negative Kr4.2 polypeptide, which differs from the wild-type 
protein by only a single point mutation in the pore region 
(W362F), is not accompanied by obvious hypertrophy or 
overt heart disease. The discordant phenotype between these 
2 models for reduction might originate from differences in 
the timing and/or level of transgene expression or differences 
in genetic backgrounds. Unfortunately, these other investiga- 
tors did not assess contractile function or [Ca^*]; transients in 
their transgenic mice to determine whether they also show an 
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Figure 7. currents and action potentials in 12- to 13-week- 
old mice. A. Representative current traces recorded from a right 
ventricular myocyte isolated from a 12-week-old control mouse 
(left) and transgenic littermate (right). Outward K* currents were 
induced by 500-ms depolarizations to a range of voltages (-40 
to +60 mV in 10-mV steps) from a holding potential of -80 mV. 
Prepulses to -40 mV for 30 ms were used to eliminate Na* cur- 
rents, whereas /c was blocked by adding 0.3 mmoi/L extracel- 
lular CdCiz. Note that cunrent traces have been normalized for 
cellular capacitance to control for differences in cell size. Mark- 
ers indicate 0 pA/pF. B. Average current-voltage relationships 
showing the cunrent density at the peak (■) and at the end of 
the 500-ms depolarizing pulse (□[). plotted as a function of the 
memlxane potential for control (left) and transgenic (right) myo- 
cytes. Symbols represent mean values derived from 11 to 21 
cells. Data are mean±SEM. Note that both the difference 
between the peak outward current and the cunrent remaining at 
the end of the 500-nr»s pulse (ie, /J and current remaining at the 
end of the 500-ms pulse were reduced in 12- to 13-week-oId 
transgenic mice. C, Representative action potentials from 12- to 
13-week-old control (left) and transgenic (right) mice. Action 
potentials were greatly prolonged in transgenk: myocytes. 



enhanced contractile state. Clearly, additional studies will be 
necessary to reconcile these vaiying phenotypes. 

Surface ECGs of anesthetized mice did not disclose con- 
vincing evidence of QT prolongation in the Kv4.2N trans- 
genic mice at any stage, despite prolongation of monophasic 
action potentials in situ and APD prolongation in a significant 
proportion of isolated myocytes. However, several genetic 
models in which cardiac repolarizing currents are reduced, 
including loss of function of minK^'^^ and dominant-negative 
inhibition of ERG,^ result in no gross perturbations of the 
surface ECG in anesthetized mice. Given the difficulty of 
precisely identifying intervals on the mouse surface ECG,^^ 
the monophasic action potentials may more accurately reflect 
the time course of repolarization and are certainly consistent 
with the significant depression of 7^. 

Clinically, prolongation of the cardiac action potential has 
been associated with an increased propensity for cardiac 
arrhythmias, particularly when heterogeneous in nature. Al- 
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Rgure 8. Inward rectifier currents in 12- to 13-week-old mice. 
A, Representative inward rectifier (/ki) cun^ents recorded from 
myocytes isolated from 12- to 13-week-old control (left) and 
transgenic (right) mice. All currents were normalized to cell 
capacitance (pA/pF) to correct for differences in cell size. B. 
Average /ki current-voltage relationships in control (■) and 
transgenic (•) mice, /ki cunrent density was significantly reduced 
in transgenic compared with control myocytes. Data are 
mean±SEM derived from 8 to 12 cells. 

though death was typically sudden in the Kv4.2N transgenic 
mice, even in those without obvious signs of congestion, 
short-term electrocardiographic recordings in anesthetized 
mice did not reveal the presence of ventricular arrhythmias. 
We and others have recently used telemetric methodology for 
long-term electrocardiographic recordings of fully conscious 
genetically modified mice.^* Clearly, further studies to sys- 
tematically determine the propensity for spontaneous or 
inducible arrhythmogenesis are warranted. 
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Figure 9. Molecular markers of hypertrophy in Kv4,2N trans- 
genic mice. Northern Wot analysis of total RIMA (A) or mRNA (B) 
from the ventricles of age-matched control (CON) and trans- 
genic (TG) mice, Memlxanes were hybridized with probes for 
PMHC. SERCA, PLB, ANF, endogenous M.2. and the trans- 
gene (MHC-K^.2N) and loading assessed with a probe for 
GAPDH. Autoradiographic signals were quantified using NIH 
Image (version 1.59) and nonmalized to the GAPDH signal. 
Transgenic hearts showed significant reductions in SERCA and 
PLB expression, modest Induction of pMHC, and marked induc- 
tion of ANF (see Table 2). Endogenous Kv4-2N expression was 
also modestly increased. 
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The extent to which our results are applicable to other 
species is uncertain. Patients with congenital long-QT syn- 
drome rarely show evidence of cardiac hypertrophy, sug- 
gesting that the effects of 1^ reduction in our mice might not 
be applicable to humans. However, all previously identified 
channel mutations associated with long-QT syndrome affect 
action potential profiles in a manner that is distinct from 
changes produced by reductions and therefore might not 
produce equivalent effects. Indeed, we have found that 
prolongation in the early repolarization period has a much 
greater effect on [C2?% than late in repolarization (data not 
shown). Regardless, to date, no forms of congenital long-QT 
syndrome have been linked to K"^ channels producing tran- 
sient outward currents. 

In summary, we have generated transgenic mice expressing 
a dominant-negative N-terminal fragment of the Y^A2 potas- 
sium channel subimit in the heart. Young transgenic mice 
show heterogeneous reductions in /o and APD prolongation, 
in association with a hypercontractile state. Between 8 and 1 6 
weeks of age, these mice develop a dilated cardiomyopathy 
with profound cardiac dysfunction, culminating in congestive 
heart failure and death. Although the mechanism(s) by which 
ectopic expression of the Kv4.2N protein in the heart leads to 
cardiac hypertrophy and failure remains to be clarified, oiu" 
working hypothesis is that reductions in /to and consequent 
APD prolongation, at least in the rodent, lead to the devel- 
opment of cardiac hypertrophy and heart failure through 
alterations in calcium delivery and activation of downstream 
signaling cascades. 
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Several studres have demortstmled the feasibility of gene 
transfer into the heart musch. However, a!f the avaifabfe 
data ^iso Indicate that the extent of iransfection remains 
limited. As an alternative method to intravascular adminis' 
(ration, we have developed a novel strategy which uses 
the peHcardfai sac. When a repfication-deftdent adenovirus 
containing the cDNA encoding a bacterfaf ^-gaiactosidase 
is injected into tho pen'cardiai sac of adult Wistar rats the 
staining is exchsivsly restricted to the pencardlai cell lay- 
ers. However, injecting a mixture of coflagenase and hyaiu- 
rorudase together with the vims, leads to a targe diffusion 
of the tiansgene activity, rsacNng up to 40% of Hie myo* 



cardium, Transgene expression is predominant in ttia left 
ventricle and the interventnouiar septum but tirrvted in the 
right ventricJe, fn w*vo echocardiograpNc measurements of 
the left ventricular diameters at end diastolic and end sys* 
folic times show no difference between vims-^ and stiain- 
iryected animals, thus indicating a good cUnicaS tolerance 
to this strategy of virus delivery. The same protocol tjas 
been used with the same' effrciency in mice, which leads 
us to propose injection into tfie pen'cardiai sac as an effec- 
tive and harmless method for gene transfer into ' the Jieart 
musde. 
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Cene therapy is a potenrial new strategy for cardiovascu- 
lar diseases which concerns single gene disease <is well 
as more complex ntulclgene pachologies affecting € idler 
the heart muscle or ics vasculaajn>. One of the major 
issues raised bv rhis scrjieg)' Is chc dcveIopn)t;nc of 
cnjcieiii *inU ^AxW ^unc iruiislcr cvciniiqucs. 

So far. a niinibiTofpublicnnoiis havi» demonstrated the 
potential of direct injection of genes into the myocar- 
dium.*-^ This may seem an attractive approach it avo- 
ids complicated and expensive *x Wvu manipulations fol- 
lowed by In vivo cell or organ grafting. However, direct 
injecuon Into the myocardium results In gene expression 
over a limited region due to the lack of diffusion of the 
vector and, furdicnuore, it also results In local tissue 
damage which makes it a ralher inappropriate thera- 
pdutic approach,^-*'^ Intravascular gene delivery has 
raised higher hopes since rhe myocardium has a high 
density of capillaries.'^" Indcca as opposed to single 
shot injection. It has been proved that cotonary Infbsion 
ulJow some difTusIon uf reporter guoes to the myocar- 
diunv However, ac the present stace of our knowledge, 
the efficiency of this strategy appears to ba still limited * 
by various Factors such as a low permeability of the capil- 
laries to large molecules or particles due to their condnu- 
oirs nun fi'nusrrjied endorhclinni, ur to iht- need Rjr hlyh 
perfusion pressure or because of a limited time contact 



ittcnt BubUiski - H^Ual HiUc^'a/prmL-rr. ^7 bottlevat^l dv fHouitaJ, 
7SS5t PjTUt Cvthx tS. fhinoi 

RccvSwd 12 Aiiuuni 1998: arCepteil i Novi»mber mH 



of the vector with the (argec celL*^ Moreover. Wilghi ec 
a/** pointed out diat intracoronnry infusion of catlonic 
liposomes can result in multiple microinfanctiorL 

In view of these difficulti^. wc havi* developed an 
alternnrive approach for niyoccirdial gene transfer which 
is based on locsil dellvety of the tllerapeulic gene Into 
the pericardium. 

The peiicardial envelope of the heart may be used to 
overcome some of the rostrlalons Inherent In other trans- 
fer methods. FirsL access a> the pericardium can bo 
obtained through rather simple procedures. Second, since 
the pericardium has a dosed cavity, this may be used to 
maintain a prolonged comacc time wkh the genetic vec- 
tors. The drawback of mis approach is chat chc pericardial 
envelope appears to be rather tight, however, wc will 
show chat diffusion across this membrane can be 
increased by various phamiacologfcal agents. Using chi« 
simple procedure, we show that significant icrritorlfis 
of the myocardium can be transduced by aderu^vlral 
vectors;. 

Adult mole Wiscar rats were injected with a AEl- 
recombinanc adenoviral vector containing a CMV-drh^cn 
bacterial ^galactosldase gone without a nuclear localiz- 
ation signal?'' We used adenovirus since It has proven to 
be a nithi»r ivlhible vector for gcno mmsfLM* Into the heart 
muscle due to its ability to infect nondlvldlng cells, an 
absolute requirement for tEEnnmally differentiated caixJloc 
myocytes." Inrra-pencardiaJ Injections were performed 
flirough V small incision of the abdominal wall below the 
xyplioid appendix, widi a uunsKliaphragmatic appit)adi. 
Delivery of adenoviral vectors into chu pericardium can 
bo perfomied safely under v{>iuul control Seven days 
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after the injecUOn. che animali were killed and their 
heans as well as other organs (lung$» diaphnign), liver, 
kidney, spleen) were harvesied. Serial frozen sections 
were performed and <is5ayed for p-galaciosidosc accivicy. 
X-gal (5-bronio-4-chloro-3-indolyl-p-o-galacta5lde) stain- 
ing was observed -almost exclusively in the pericardial 
cell layers (Figure I). Only rarely were myocardial cells 
found CO be transduced by the adenovirus (Figure lb}. No 
significant staining was found either In the lungs or che 
dinphragm (data nor shown). The same observation was 
also true for organs at the abdominal leveU such as die 
liver, spleen or kidneys. Hence, the pericardium appears 
to be transduced by adenoviral vectors, but It also proves 
to be a tight envelope around the heart which allows no 
significant transduction of che myocardfum. A similar 
observation was made by another group. Such data are 
not so surprising since pericardial cells form a layer of 



lighdy joined cells limiting diffusion aci'Oss this anatom- 
ical barrier. Moreover, the connective tissue layers found 
in the cardiac muscle most probably diminish the spread 
and overall InfecdvJty of vectors,*^'* Various strategies 
have been described to drcumvent this problem. Lamp- 
ing er a/** showed ihac pre-treamaent With tetracycline did 
increase ventricular myocyte transfecaon, possibly 
through the induction of an inflammatory process which 
could have increased a vector uptake at the level of the 
epicardium. Interesdngly, Aoki ef ai'* have reported myo- 
cardial transfection after injccrk)n within the pericardium 
of a hemaggluilnaang virus of Japan (HVJ)-IIposome 
complex. However, their data only showed transfection 
in a Jimiied area of the myocardium wluch extended 
through few surface layers. Transfected cells included 
cardiac myocytes and fibroblasts beneath the pericar- 
dium and some myocytes in the middle of the myocar- 
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fijuft 2 (luniyriardia! trrtor cfc/ivBgr in //» prvsmc^ of prDi%*o\yxIC miZytncs fmprovui geno uzinsfH"- 5^/0/ CO^^cci/onx dcnwnstruiB ilte exztpt of 
X-gsi staining of {/» myodf^SUin, (a) A typical trutvsvcrsit section j/rowy that tiMl irunsduixd myatytES are fmni t/i tht kfl vcnCnde fioAniac waU 
aiKf fnutofUie iaoera/ ivafO .inrf the Imn-wriolro/ar wpti/nt TTn- rigiw v^ntrkt^ is OiUy pariSy trunsfectv^. ft^ M tonglcudinal SCCUwt confinm iJn 
(rwfccteU artj extundlng frwii basis 10 f/W fc; h4iavScopic amtysis dtuwnstnta thai X-gal staining autaum tssMUtiSly tanifac m/acyCcs, 



diuin around die vasa vasoruni."* However, such treat- 
mem sdU remains Ineffident. 

* Wo used a differenc smi&gy and reasoned chat a loos* 
ening of die pericardial barrier might allow the virus co 
spread into die myocardium. To achieve this, we tested 
the possibility of Interfering with soma of cho molecules 
which const! tuce this barrier. Among the various compo- 
nents of the exoracetlular matrix which composes the car- 
diac Incersritlum. molecules of col|<i^<rn type 1 and type 
ill are important Thus, as d drst stop, we te^itecl whwhcr 
Increasing concentrations of collagenaso could improve 
clirrnsUm of lUr'aHoniljitiaiti :i*lfni»vins fulUiwiui; tiijiH- 
ritin In the pcrioaixlixun. High «li;ses of collagonasu {owr 
2 mg) appeared to be lethal al^r a fow doy^ and we 
established d>at tlie tna.xiinal tolerable dose hud co bu 1^ 
tfian 2 mg for an adult rac. However, under these con- 
ditions, cransfectiun of cardiac myocytes iicmalncd poar 
and still limited to die Icnn^ediate layer underlying die 
pericardium (data not shown). 



Another major component of the extraceilular matrix 
Is hyaluronic add and so we tested the effect of injecnng 
Ina-easing conoentradons of hyaluronldase ranging itom 
i to 700 uniEs. Even at the highest doses, this enzyme 
was totally ineffident In fadlUadng gene transfer to the 
rnyocardium across the pericardial barrier (data not 
shown). 

However, when both enzymes were used in COr\)unc- 
tlon. a different picture oimi>ted As shown in Figure 2, 
updmlzad coiKcnn'utluite of cotlagoi taste (I nxa) ;ind hys»- 
luronlda.se. (500 U), when injocrnd together widi the 
nt^DiiihitMMt ail«'iiti\i|-u> ;illii\v r\w vWti> lu i||t]'iist> hi ihi* 
invorardium. In pHiticuIar. a longitudinal section of rhe 
heart (figure 2(b)) clearly Indicates that 0-galacto5ldase 
expression Is di^ftribuled finom the base down 10 the apex. 
There Is. however, a rfescrlctlon In the distribution of the 
expressed gone since iransfoctlon mostly conironiod tho 
anterior wall of tlie left ventricle, the Interventricular sep- 
tum, part of the lateral wall of the left ventriclo and part 
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of Che right ventricle {Figure 2a). Figure 2c clearly indi- 
carus thai the cardiac m^-ocyri-j express cJk* a»porter aciiu. 
It is also noteworthy chai no inflanijnacory rcaaion could 
be found in the ti-ansfected aiea at the time of death. 

For comparison, the suljdiaphragmao'c approach was 
ii5«d CO perfoiin direct InD-jt-arUiac injection. Injeciion 
volume had co be adjusted to a maximum volume; of 
100 jlI since injections of larger volumgs induce cardiac 
yrrtJSL Animals were killed at day 7 after uijection and 
transverse ciyosections of the hean were assayed for 
gafactosidase activity. X-gal staining was measured in 
order to quantify the cransfocrion area. The adenovtrus- 
rransduced cardiac tissue area ranged from 14 to 3.9% 
of the total section. Rgurc3 demonstrates the limited 
extent of the ii^ansfection area after direct injettion into 
the left ventricular wall. These results are iir close agree- 
ment with previously published daw by other authors.®'*" 
To validate further die harmlessncss of our injection 
procedure, a number of measurements were made. First 
at the time of death, vims-injccted animals had similar 
body weighn when compared with control animals 
injected with identical enzyme solutions but lacking the 
adenovirus, and with untreated animals. Second, the 
heart: wciglu/body weight ratios did not differ in any sig- 
nifii*anr way bctwtHMi rars injtvfod with rccnnibinunt 
adenovirus (^-i)-l iO,85 mg/g. n= 15J and ijham oporjted 
animals {2.B1 ±0.41 mg/g. n = S) when killed ot 7 days 
after Injection. Lastly, global heart function was analyzed 
by means of In vivo echoeardiographic analysis of the left 
venu-icular end diastolic and end systolic dimensions and 
fractional shortening. .A global ijfr vcutrlculur oJuctJoii 
fi-action was also calculated. As shown in Table I. no scat- 
IstlCiil difference could be found between che various 
groups of animals, thus conflmiing ihe good clinical tol- 
erance achieved by this local method of gene dellverv. 

To optimize our injection protocol, we tested the 
efficiency of increasing doses of recombinant adenovirus 



Tabte I EchocsrcHographic analysis of the \eh vcnlriojlaf 
and global function. 



Shsm D7 P2B P 



" 3 3 2 

UVEDD (mm) 6.0 + 0.20 5.8 + 0.0 a7±0 8 NS 

LV EDS (mm) IJ±0,33 1.6±0.l 2-2±OB NS 

FSM^) 73 s 5% 72 ±296 Sd±S% NS 

-FS (%) = ICLVEDD - LVED)/LV£DDj x m 
Left ventricular end diastolic CLVEDD) and end systolic 
(LVEDS) ctimensions- and fracaonal shortening CFS) were 
obtained u^lng two-dimensional targeted M-mode iraciAgs fiust 
below the tips of the mitral vbIvc leafiecj on a long wds view 
of the Icfk vencrlclcj with a 13-15 MHz transducer (Sequoa, 
ACUSON. Mountain Valley. CA, USA). Three groups of animals 
wEie analyzed and all results are expressed as mean ± standard 
error. No signiflcant roodlfKatlons ^were observed in both 
treated groups compared with sbam^opcrated rsts. Sham-oper- 
ated (Sham) animals received tha cornplete permeabUizlzig mix 
without vector and wecc Cixamincd at day 7 after iriicction. 
Vlnis-lnjected animals wera analyzed either al day 7 (D7) of at 
day 28 p2S)w 



ranging fixjm fl x lO** pUiqut' forming unit (p.f.u.) to 
A X 10*" p.f.u. As shown In Tabk the inaxinjal cl'fici«uc>- 
of cransduction was obtained wlch 8x10* p.f.u. Higher 
doses did nor impmve efficiencv and were usually found 
to lead CO premature death of the animals (data noi 
shown). All further experimonts were conducted usU\^ 
6' X iCf' p.f.ii, W« albo Uciunmiicd iliy volume uf vima 
wliich had to be usc^d iind found that the bcsc results wtire 
obcainud with an Injection volume or750pJ, Above this 
volume, leakage oucsida th«* pericardium seems to domi- 
nate while below 500 ^l, diffusion of the vector around 
the heart is llmitGd, thus resulting in a smaller area of 
transduction of die myocardium. 



tto evtfOt or uikryxiru!t-mcdbtcd liWrrtiwi afttr dinxt hik-crhn of lOOiLt vfadmoviml *WtW (8x tiJf pXuJ in tha pn^ma of On emymnUc mix. 
Atifmsb: u«». kj M ut ihyj artcr mjtxhon p-^hcuafthse enTynarfv «.rtj>/ty tras nvcaktl by X-edi ^CuViinff. The JiOiishn ansa rarajn/ frvm 
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Table Z Posc-depeiidenieflcct orgene transfer IniO ihts rai hean. TabJe 3 Time course- of cransaene expression in the rat heaa 





n 


Trdnsfccted Arts % 


P 


ConiTol 


4 








6 




ojam 


2.6 xlC 


i 


8-9913.73 


NS 




4 


]7.18±1^Q 


0-0203 


8.0 X Iff* 


8 


4J.101E.6Z 


0.0066 



The influence of chc total viral load was esUm9(ed by measurtng 
tht X-gal-scalned area on craittvtne sections. Animals were 
kiUcd at 6.5 days after injecdon. This pbnimetric mechods which 
IniegrBtes adjacent areas m»y undereslimate sparsely crans- 
fe«Ued myocarrilaj celb, but b almosi Operaior independent on 
successive sections, RuSults are expressed as mean x standard 
error aild were compared puirwise by siOttSCical tuals. 



ControJ 

DI 

D7 

DI4 

D21 

D28 

D42 



n 


Tramsfected area % 


P 


4 


0.00 ±0.00 




4 


16.37 i 13.70 


0.0472 


8 


4a8ll9^ 


aoios 


4 


22.54 17.83 


0J]]74 


4 


6.35±].1Z 


O.D209 


4 


0.57 ±121 


a0209 


4 


0.40 ±0.50 


NS 



Gene exprtssion In die myocardium was foliowed from day 1 
to day 42 after injecdon. X-gal -stained areas were expfessed as 
a peixentage of the total transverse section area. Results are 
«Xpf Csst^d as fTiean ± standard error- Tlw cvoluuon of this value 
was ni^y2cd patrwls« by statistical loots. 



b 




F!^r€4 fsitnperksnUal UtJOfShUtS atity be aritfcvod in infer. C57BU$ tnkr wtn irUcacd ivatify widt tx /Cf ^/ia of rrcomWnant at^mina, 
Snial lYiuan ffwa of ujotttk* laon tbmftrfimtr fintr tnitatvr info iftr ftrarr. fli) A OttsUftS xin^ sfwMi l/iP xain}ttg puami uf ^ahcWsUhse xlivf(y jfwr 
^A'nuujmwiii/cHrJ irtttifgLttutK X-^jI hUitmi^ kf HAUtJ hi ^ptainJijt Utyrtit v$i the cnta-^uxYMi «f dir mausB /nan. Lar^'jn*a3 of iham/ktAiri on 
^ >n>n *Hi ihr hum rtftth w/iii x'/iitmi of jj Jtucrittr iK/ff of iltr /r/i vTJitrfcfc. 



A dme^counw analysis of axin3gt,*nc expression shows 
chac already ac day 1, a slgnUlcanc expression of the 
transftene can be decoded wliich increases unci! day 7 
when 40.8 ± 7.3% (n = 8) of die myocardlujn is cransfecccd 
by die adenovirus (Table 3). thereafter, cr^nsgene 
expression progressively deciined due to a significant 
inflammatoiy reaction which was found around all areas 
expressing the transgene (data not shown). This clmo- 
ci^unit corrchire^ well widi prevluu>f results reponcd on 



direct injection Of adenoviral vectors Into the rtl/oCur- 
diuin. where transgene expression strongly Increased 
during the first 7 days and then progressively declined 
at 14 and 21 days;.^ We did not try to Immuntwuppress 
Our animab since our goal was not to look for long*tenn 
gene expressioa but co establish the condidons which 
would allow an optimal viral transduaion of (he myocar- 
dium. It is well known that first genera Uon adenoviral 
vectors induce an immune response that \s a major cause 
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of transient gene expression In immunocompetent ani- 
mals and avoidance of an Immune response may extend 
expression of genes introduced Into the myocardium.^*-^- 
Tissues oilier than the myocardium were routinely 
assayqd for p-galaciosidase activity. As aniicipatud, lung, 
liver, spleen and kidneys were always positive: however, 
the diaphragm muscle never showed evidence of tctius- 
duction by the adenovirus, indicadng tliat our ti-aiisclf- 
aphramatic injection did not induce any [r<insfection of 
the diaphragm. 
Our su^tegy ij; not limited to the rat. and Figure 4 
, shows thuc a comparable result can be obtained with 
C57BL/6 mice. The distribution of e.xprcssion Is similar 
tu thai found in tlie nit. ciipccially with ivj^yrd to die 
regions of the myocardium which are excluded such as 
die Irfr vtMUride icunipiin^ I'igurc 2 and f ioure -I). 

In conclusion, our results demonsu*are rhac fncra^pori- 
cardxal injection of recombinant adenovirus vectors in the 
presence of proteolytic emymes leads to an efficient and 
safe siratogy to deliver a orons^cne to the hearr. No dam- 
age to the global heart function could be detected by ech- 
ocardiographic measurements nor coLild we find any sig- 
nificant structural alt&raclons of the myocardium at this 
early stage. As anticipaccd, we subsequendy ob^served an 
inflammatory reaction due to the immunogenic potential 
of both the adenovirus vector and the reporter gene, for 
future development of this strategy it Is obvious that 
other vectors wiU need to bo used which will include bet- 
ter tailored defective! adenovirus or less Immunogenic 
viruses such as the ade no-associated virus**'^-'^ or even 
naked DNA. Moreover, die fact that other noncardiac 
tissues wuiie also efficiently transduced emphasises tlie 
need for another level of control. This will be achieved 
by placing the therapeutic gene under the control of a 
cardiac-sperific promoter. Rnally* the facr diat we could 
transpose our method to anotlier animal model and 
obtain shoilar results prompts us lu ;(uggest thut this 
appivach will be u:>eful for future •^uiw therapy in 
heart disease. 
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Expression of Recombinant Genes 
in Myocardium In Vivo After 
Direct Injection of DNA 



Hua Lin, MD, Michael S. Parmacck, MD, Gerald Morlc. BS, 
Steven Boiling, MD, and Jeffirey M. Leiden, MD, PhD 



The ability to program recombinant gene eiqiresston in cardiac myocytes in vivo holds promise 
for the treatment of many inherited and acquired cardiovascular diseases. In this report, ivc 
demonstrate that a recombinant i?-galadosidasc gene under the control of the Rous sarcoma 
vims promoter can be introduced Into and expressed in adult rat cardiac myocytes In vivo by 
the injection of purified plasmld DNA directly into the left ventricular wall. Cardiac myocytes 
expressing recombinant /3'galactosidase were detected blstochemically in rat hearts for at least 
4 weeks after tz^ection of the ^galactosidase gene. These results demonstrate the potential of 
this method of somatic gene therapy for the treatment of cardiovascular disease. {Cimdntum 
1990;82:2217-2221) 



omaiic gene therapy, ibc expression of recom- 
binant genes in non-germ-linc tissues of the 
adult organism, holds great promise for the 
J treatment of many inherited and acquired human 
: diseases (reviewed in Reference 1). The biological 
requirements for this tyf>c of gene therapy include 
Ihe ability to introduce recombinant genes efficiently 
into the appropriate ceils and tissues and to program 
the high-level and, in many cases, stable expression of 
these recombinant genes in vivo, fn addition, it is 
necessary that the proce;ss of gene therapy itself not 
be harmful to the recipient organism, in particular, 
that the techniques used to inuoduce the recombi- 
nant genes do not rcsuh in persistent infection of the 
host or in deleterious mutations of the recipient cells. 
Two general approaches have proven useful in ani- 
mal models of somatic gene therapy* In the first, 
reoombinant, genes have been introduced into cul- 
tured cells in vitro, and cells expressing the recombi- 
nant gene product have then been transplanted into 
the appropriate tissue of a rcdpicnt anmial.2-"> In the 
second, recombinant genes have been introduced 
directly iiito somatic cells in vivo.-*' 
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The ability to program recombinant gene expression 
in adult myocardium in vivo requires both an expres- 
sion vector with high-level activity in audiac myoc>te5> 
and a method for introdudng such a vector into myo- 
cardial cells in the adult animal. A previous study 
demonstrated that murine ^letat mycx^es display a 
rather unique ability to take up and express DMA after 
direct injection in vivo.*^ In the studies described in this 
report, we show that an expression vector using the 
Rous sarcoma virus (RSV) long terminal repeat (LTR) 
programs high-ieviel reo(MiU>inant gene expression in rat 
cardiac myocytes in vitro and demonstrate that recom- 
binant genes cloned into this vector can t>e introduced 
into and expressed in adult rat cardiac myoc^es for at 
least 4 weeks after direct injection of plasmid DNA into 
the left ventriciilar wall. 

Methods 

Cell Culture and Transient Tramfections 

Neonatal rat cardiac niyoqtes were Isolated fixxn 
1-2-day-old Sprague-Dawlcy rats (Charics River Lab- 
onitones, Wilmington^ Mass.) by collagenase digestion 
as previously described.^ This method results in the 
isolation of more than 90% cardiac myocytes,^ Twenty- 
foiur hours after isdation, Ixlff* freshly isolated myo- 
cytes in a 60-mm collagen-coated di^ (Collaborate 
Research Inc., Waltham, Mass*) were transfected with 
15 fig of cesium chloride gratyent-purifled chloram- 
phenicol acetyl transferase (CAT) refxjrter plasmid 
DNA plus 5 of pMSV^al reference plasmid DNA 
as follows: 20 /ig of pktsmid DNA was resuspended in 
15 ml of Opti-MEM (GIBCO, Grand Island, N,Y.) 
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FIGURE 1 Trariscnpihnalacti^ofiheRaussaivonm (RSV) long Seminal repeat (LTR)in r^t neonaialcardi<^^^ 

vZr^Aschernat^pre.e^ if the pESVCAT and pRSVffgai plasrnids. ^ p^gahc^sutase^;CAT.^c^^ 

S U^nrfemse gene. kZiII (H3) and Bamf// (B) restncUon endonudease sites are sho^ Pand B; Transanal u^uyof 

c^p^ or the pRSVCA T%md {see pane! A) and celi extracts prepared 4S hours after transfictron ^ normalued for 
^n\^iand okayed for CAT activiry as pre^ioasfy described^ To control f<. differ^ in ^^^^^^Sic^^'J'' 
^eJSTal^ contaZspgofthepMSV^ai reference plasnud Dora are .Wn as CATac^^ty rela^ve to that produced i>y 
the pSVOCATplasmid (which proditced L7% acetyhiion) afier conecdon for d^^nces m tmr^eaton efficiency. 



and added to 1-5 ml of Opti-MEM containing 50 /tl of 
lipofectin reagent (BRL, Gailhersbitrg, Md.> The re- 
sulting mixture was added to one 60-mm plate of 
cai^c myoqrtes. After 5 houp at 3T C in 5% CO2, 3 
ml of Medium 1^ plus 5% Tctal bovine serum (PCS) 
(GIBCO) was added to the cells, and the mixture was 
incubated at 37^0 for 48 hours. Cell extracts were 
prepared and normalized for protein content using a 
commerdalty available kit (Biorad, Richmond, Calif.). 
CAT and ^-gaiactosidase assays were performed as 
previously described,* 

Plasmids 

The picAnoterless pSVOCAT plasmid'o and the 
pRSVCAT"' plasmid in which transcription oi the 
burial CAT gene is imder the control of the RSV 
promoter have been described previously. The 
pRSVjgtgal plasmid was constructed by ckming the 
4.0-kb ^^actosidase gene from pMSVi^U^ into 
T^dni/BomHl-digested pRSVCAT(see Figure lA). 

Infection of Recombinant DMA In Vt\^' 

Six- to 1 1-weck-old 250-g Spraguc-Dawley rats were 
housed and cared for according to National Institutes 
of Health guidelines in the ULAM fedlily of the 
University of Michigan Medical CentCT. Rats were 
anesthetired with 20 mg/kg pentobarbitol Lp. and 60 



mg/kg ketamUic i.m., intubated, and ventilated with a 
Hansard (Harvard Apparatus, South Natick, Mass.) 
respirator, A left lateral thoracotomy was performed 
to expose the beating heart, and 100 /tg of plasmid 
DNA in 100 p\ of phosphate-buffered saline (PBS) 
containing 5% sucrose (PBS/sucrose) was injected 
into the apical portion of the beating left ventricle 
using a 30-g needle. Control animals were injected 
with 100 p\ of PBS/sucrose alone. The animals were 
killed 3-5 or 21-30 days after injection by pentobar- 
bitol euthanasia; hearts were removed via a median 
sternotomy, rinsed in ice-cold PBS, and processed for 
/^^lactosidase acthdty, 

Histochemkal Analysis 

Three-millimeter cross sections of the left ventricle 
were fixed for 5 minutes at room temperature with 
1.25% glutaraldehydc in PBS, washed three tiroes at 
room temperature in PBS, and stained for j^^acto- 
sidasc activity with X-gal (Bwrad) for 4-16 hours as 
described by Nabel ct al 2 The 3-aun sections were 
embedded with glycomethociylate, and 4-7-itun sec- 
tions were cut and counterstaincd with hematoxylin 
and eosin as described previously.^ Photomicroscopy 
was performed using Kodak Ektachrome 200 film and 
Leitz Laboriux D and Wild M8 microscopes. 
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i?iaURB 2. Exprcssi€m ofd recombimnt P-gahciosidase gene in cardiac myocytes in vivo after direct infection ofpRSV^g^ DNA 
^j^tto the left ventricular wall One hundred microffttms of pRSVfigal DMA was injected into the beadr^ apical wall of the left 
^lentricle of SprugucDawley rats using a needle as described in **Methods, " Hearts were harvested J-5 days or 3-4 weeks after 
^^Jection and stained ftx p^lactasidase acU'vity. Panel A: Wx view of a J-mm section cfa heart 3 days after pRSV^l injection. 

jiji^anel B: i^x view of a 3-nvn section from a heart 27 days after pJRSV^l injection. PaneJs C and D: 725x and 250x views, 
^re^pectivefy, of 4-^ sections from a heart 3 days after pFSVp^l injection. p~Ga!actosidase activity (dark-biue staining) is seen 
M:^^fy within cardiac myocytes that can be identified by their myofOmUar architecture. 



^fs;; Results 

L/m Pt(mt<H€s H^Levei Gene 
^Q(, Neonatal Cardiocytes In Vitro 

^ Although the RSV LTR displays high-levd tran- 
tl^ptional promoter activity in a wide variety of 
i^rnortalized cell types," previous transgenic stud- 
'\ t\ have suggested that this promoter is preferen- 
^ [ally active in cJceleta! and . cardiac myocytes in 
^ivo. 13.14 fo test directly the transcriptional activity 
% the RSV LTR in rodent cardiac myocytes, the 
►RSVCAT vector** in which expression of the 
tcterial CAT gene is under the control of the RSV 
jTR was trai^ectcd into primary neonatal rat 
|c^rdiac myocytes using lipofectin. Two days after 
l^nsfection, the cultures were harvested and as- 
l^ycd for CAT activity as previously described.^' All 
||rAnsfections also contained 5 p% of the pMSV)^gal 
y^lasmid<2 to correct. Xor differences in trainsfection 
lejffideucies. As shown in Flguie I, the RSV LTR 
I'ffas able to increase transcription of the CAT gene 
f 7*fold compared with the promoterless pSVOCAT 
|?S>ntrol plasnud. The pRSVCAT-transfccted car- 
pac mycKTte extracts produced 95% acetylation in 
% standard thin-layer chromatography assay » By 



comparison, identically prepared extracts of 3T3 or 
HeLa ceils transfected with this same vector pro- 
duced 22% and 35% ace^lation, respectively (data 
not shownl Because the activities of cotransfected 
pMSV^al reference plasmids were almost identi- 
cal in all three transfections, these results demon- 
strated that the RSV LTR programs hi^-lcvel 
transcription in primary cardiac myocytes in vitro. 

The ability to unambiguously identify the cell 
types that are expressing recombinant g^ne prod* 
ucts is an important requirement of all animal 
models of gene therapy. Because the baaeriai 
)^galactosidase reporter gene (but not the bacterial 
CAT gene) allows durect histologicat visualization 
of recombmant gene expression, we constructed a 
pRSV/9!gal vector In which bacterial ^-galactosidase 
gene expression is regulated by the RSV LTR 
promoter for further studies of recombinant gene 
expression in vivo (Figure IB). 

Exprtssion of fi-Calactosidase Gene in Rat Cardiac 
Afyocytes After Irtjection ofpESV^ai DNA Into the 
Left Ventrictdar Wall In Vivo 

In an attempt to program recombinant /3-gaiacto- 
sidase gene expression in rat cardiac myoc^cs in 



Received 09/23/2003 22:29 in 07:32 on line 121 for MR10031 printed 09/24/2003 08:20 * Pg 5/6 
From (613) 998-3248 Order # 04092642DP03 318795 Tue Sep 23 23:32:10 2003 Page 5 



2220 Circuiatton Voi 82, No 6, December 2990 

vivo, we took advantage of a previously described 
technique for producing recombinant gene expres- 
sion in murine skeletal myocytes in vivo.'^Brieffy, 100 
^% of pRSV^al Una was resuspendcd in 100 ^1 of 
PBS containing 5% sucrose (PBS/sucro$e) and in- 
jected via a 30-g needle directly into the beating left 
ventricular wall of 6-11-week-oId Spr^ue-Dawley 
rat hearts- Control rats received injections of 100 /id 
of PBS/sucrose without DNA, Rats were killed either 
3-5 days or 3-4 weeks after injection, and hearts 
were fixed and stained for /3-galactosidase activity. 
^3-Galactosidasc activity ns manifested by dark-blue 
staining was readily apparent to the naked eye in 
sections of three of four of the pRSV^al- injected 
hearts at 3-5 days and four of five of the pRSV^gal- 
injected liearts at 3-4* weeks after DNA injections 
(Figures 2A and 2B). This staining, whldi was focal 
and patchy, occurred only in 'a single area of each 
heart injected with pRSV^gal DNA and was not seen 
in five control hearts injected -with PBS/saline alone 
(data not shown). Failure to ot^erve staining in two of 
nine of the pRSV^gal-injected hearts may have been 
due to the lack of DNA uptake or egression in these 
hearts or, more likely, to technical difficulties in 
successfully centering and anchoring the needle in the 
relatively thin heating left ventricular wall during the 
injection process. 

Because the normal ventricular wall contains both 
myocytes and fibroblasts and because the injection of 
• . DNA might be expected to cause a localized infiamma- 
toiy xesponse, it was important to determine which cell 
types were expressing the recombinant ^galactosidase 
gene. Histochemical analysis of sections from hearts 
injected with the pRSV/Q^gal DNA clearly demonstrated 
/3~galactosidase activity within cardiac myocytes that 
were easily identified by their myofilKillar architecture 
(Figures 2C and 2D). Between one and 10 positively 
staining myocytes wens seen per hig^-power field, and 
these were often noncontiguous^ suggesting that the 
uptake of DNA an4/or its exjHession is a relath^ly 
Iow-frequ«i£y event. Because it was difficult to accu- 
rately identify the extent of DNA injecti<ni and because 
the positively staining areas were quite focal and 
patchy, it was impossibte to accurately quantitate either 
the percentage or the total number of ceQs expressing 
reoombiaant /^^alactosidase activity in a given heart 
However, it is dear that only a small fraction of cardiac 
nqrocytes €3q>ressed the recombinant protein. In addi- 
don^ it is ^vorth noting that sections frcrni the 3-5-day 
postiz^ectioii hearts often showed evEdence of an acute 
infiaomiatory response along the track of the needle 
(Fi^;ure and that m several cases fibrosis along the 
needle trade was observed in sections from tlte 3-4- 
week postinje(^k>n hearts (data not shown). 

Discussion 

The studies presented have demorLstrated that it is 
possible to program recombinant gene ejq>ression in 
cardiac niyocytcs after direct injection of DNA into 
the left ventricular walL Functional recombinant 
protein expression in myocytes was demonstrated 



directly using an enzymatic assay for ^^^alactosidase. 
Recombinant gene expression was observed in myo- 
cytes from seven of nine of the injected hearts at both 
3—5 days and 3-4 weeks after injection. Expression 
was patchy and was observed only in direct contiguity 
with the site of injection. Tliese findings have several 
implications regarding both the use of this method 
for somatic gene therapy in the heart and the biology 
of recombinant DNA uptake and expression in mus- 
cle cells. 

A previous study suggested that murine skeletal 
musde cells possess a unique ability to take up and 
express injected recombinant DNA.* Our results 
have extended this observation to cardiac muscle 
cells in a second rodent spedes. ft has previously 
been thought that successful DNA trans fcction and 
expression may require recipient cell dh^ision and, 
more spedfically, breakdown of the recipient cell 
nudear membrane to allow DNA entiy. Because 
skeletal myocytes have a limited potential for mito- 
sis,** it remained possible that the previously re- 
ported successful transfectton of skeletal myocytes 
was d^endent on their mitotic potential. In contrast 
to skeletal myocytes, adult cardiac muscle cells arc 
unable to divide.^* Thus, our results demonstrate that 
niitosis is not necessary for successful transfection of 
cells with DNA. The mecham'sms that allow prefer- 
ential uptake of DNA into cardiac and skeletiil 
myocytes remain unclear. However, our data suggest 
that they must be dependent on structural or func- 
tional properties that are shared by skeletal and 
cardiac muscle. Current hypotheses include the pos- 
sibility of specialized muscle ceU transport systems or 
the unique ability to physically disrupt the cell mem- 
branes of muscle cells in a reversible fashion during 
the recombinant DNA injections. 

The technique of somatic gene therapy using direct 
DNA injection into myocardium, as described in this 
report, has several advantages compared with other 
previously described methods of gene therapy. First, 
infectious viral vectors are not required, eliminating 
the possibility of persistent infection of the host. 
Second, a previous study^ has suggested that recom- 
bmant DNA taken up atMl expressed in skeletal 
myocytes persists as an episome and therefore does 
not have the same potential for host c^ll mutagenesis 
as do retroviral vectors that integrate into the host 
chromosotne. Ftnaify, this method does not require 
the growth of recipient cells in vitro, a requirement 
that woxjld render transfection of nondividing cardiac 
myocytes particularly difficult 

Direct injection of recombinant DNA into the 
myocardium holds promise for the treatment of many 
acquired and inherited cardiovascular diseases. We 
are particularly interested in the possibility of stlm* 
olating collateral circulation tn areas of chronic myo- 
cardial ischemia by expressing recombinant angio- 
genesis factors locally in the ventricular wall. 
Although the method described in this report (s a 
first step toward such gene thera]^ approaches, many 
questions and problems remain to be addressed 
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before this type of gene therapy can become a reality. 
. pirst, it must be demonstrated that human myocytes, 
: like their rodent counterparts, are able to take up 
: and express recombinant DNA- The longevity of 
; recombinant gene expression must be more folly 
' examined, and the possibility that some of the recom- 
binant DNA is integrated into the host genome with 
.(he concomitant potential for mutagenesis must be 
: ruled out. Modifications of the current transfection 
protocol must be developed to increase the frequency 
of recombinant gene expression in cardiac myocytes. 
\- Qf equal importance, the inflammatory response to 
; the injected DNA must be controlled lb prevent the 
.formation of arrhythmogenic foci. Finally, it will of 
interest to determine whether high-level recombi- 
'nant gene expression can be programmed in vivo by 
the injection of expression vectors containing cardiac- 
spedfic transcriptional rcgulatoiy elements. Ongoing 
: studies in our laboratory are deseed to address 
these problems. Nevertheless, the initial studies de- 
J Scribed in this report suggest that somatic gene 
ijtherai:^ in the heart may eventually become a useful 
[therapeutic modality. 
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Successful treatment of mascular disorders awahs aa adapted 
gene ddhery protocoL The cHidcalfiy applkalble techoique used 
for llieinatopoiedc cells ^hkh its ceolfered aronmtiil impkotationi 
of rdromslly ncodified cells may not prove siiSicieiirt for q [re- 
versal of s^beffiotype when muscle diseases are eoncenaed. We 
reQtort ISieire^fficieat, loag-tertn in vivo gene transfer tbronghoDt 
inoase s1![€leta9 siod cardiac snosdes after hitimvenmis admrnls- 
tratioai of a reromblaaot adesovkus. This simple, direct proce- 
dBre raises the possibifity that muscular, deg^iersttiye diseases 
might one. day be treatable by gene therapy. (/. Clin. Invest* 
31992, 90:626-^30.) Key words: adenovirus « geiac tlierapy » jff- 
galactosidase » muscular disease « eukaryotic viral vector 

Intaduciion 

The first geneiic disorders annenable to gene transfex-based 
treatment will .be monofactorial diseases. The vast array of tar- 
get tissues tran^ates the need for the development of appro- 
priate, cfl^cient gene transfer vehicles. The ability of retrovi- 
ruses to inte^te into the host genome has led to their use in ex 
vivo treatineDt protocols^ Because those cell types capable of 
withstanding extraction, in vitro manipulation, and, finally, 
reimplantation arc quite limited, other strategies need to be 
explored. Furthemtprc, the requirement retroviruses have for 
host cell proliferation constitutes an important drawbadc of 
such vecton and limits their applicability. Many targets rele- 
vant to human disease {liver, lung, musde, neurons) will re* 
quire other means of gene traDsfer. 

Efficient and long-term expression of genes adenovirally 
transduced has recently been reported in bepatocytcs and teon- 
chia] epithelium of animals (1-3X showing that the adenoviral 
vector is capable of transferring genes to nondividing or sioi^y 
proliferating cells. To investigate other pot^tial targets for re- 
combinant adenoyinil vectors, we have constructed a recombi- 
nant adenovirus expressing a nuclearly targietod reporter en- 
zyme (Ad.RSV^gal). The rapid in situ detection of the nu- 
dearly targeted /9-^alactosidase aOows an unambiguous and 
precise appreciation of adenovirai-mcdiated gene trans- 
fer (4, 5). 
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Consirudion recombinant plasmid pAdRSV^gal. The pAd.RSV- 
^gal is a pML-2 derivative where the nis lacZ gene with the $V40 early 
region polyadenylatioa signal (5, 6) driven by the Rous saroonia virus 
long terminal repeat (RSV LTR)' is inserted downstream of 13 map 
units (mo) (PvuIT site) from the Icfl end of the adeoovinis type 5 (Ad5> 
genome. The reporter gene is followed by mo 9.4-17 (Bt^-Hindll] 
fragment) of Ad5 to allow homologous recombination with the adeno- 
viral genome for the generation oflhe recombinant adenovirus (Fig. 1 ). 

Construaion cfrTCComhtnam adenovintsAd.RSyffia}lllitr&xm\n- 
nant adenovirus was conscmcted by in vivo homologous rccombina- 
don (7) in 293 cells (8) between pl^id pAd.RSV^I and Ad d}327 
(9) genomic DMA. Briefly, 293 ceQs.were cotransfcctod with 5 ftg of 
Uoeafized pAd.RSV^l and 5^ of the iar^ ClaT fragment (2.6-100 
mu) of AdS DNA. After overlay! ng whh agar and incubation for 10 d at 
37 plaques conlaining recombinant adenovirus wefe picktA and 
screened for nuclear ^galactosidase activity. The rccombihant virus 
was propagated to 293 cdls and puri&cd by cesium chloride dcn^y 
ccDtiifuj$ation. Titers of the viral stocks were determined by plaque 
assay using 293 cells. 

Injeciion of mice. 2- to 5-d-old and adult (2 mo) mice (CS7BIL6 
X DBA) were injected either intravcix>usly (rv) or intiamuscularty ^m) 
(quadriceps) with 20-40 fd of highly purified recombinant adenovimsy 
Ad.RSV)?gal (10" plaque^forming units [pfu]/mlX 

Escherichia coU 0-gaiac(osidase assay. Organs from Kdlted animals 
were fixed in 4% p-formaldehyde in PBS few 30 min. Afler rinsing they 
were incuhaled overnight at 30''C in X-gal solution (2 mM) (6X Whoie 
spcdraens were flash frocfien ia isc^>eotane in liquid nitrc^n and 
mounted in OCT compound (Miles Laboratories Inc., NaperviUe, IL) 
for cryosecnonii^ Sections (10 /im thielc> were fixed 10 min in p-tjor- 
maldebydc as described for organ^ rinsed, and incubated with X-gai 
substrate. Sections were then cotmteistained with hematoxylin and eo- 
^n according to standard methods. Musde dissociated after whole 
organ staining to obtain eolated myofibcfS that were then counter- 
stained with hematoxylin and eosin. Urine and fecal matter were coi- 
lected at 2 h or 22 d after iv im'ection and exposed to 293 c^ After 24 
* h of incubatron at 37*C the cells were fixed and stained with X-gal 
solution, 

DNA analysis cf animals. The heart, lung, liver, and quadricep 
musde from mpce iv-injected with the recombinant adenovirus 
AdLRS V^l were minced into liquid Nj and ground with a mortar and 
pestle. Total cellular DNA was prepared as described (10) and lO^igof 
dther undigestedorHiiKlIII-dig^ed DNA ¥^ subjectedtoelectir^^ 
resis in a 0.8% agarose gel Southern blot analyses {Fi^AA) were per- 
fonned using either a Sall-BamHI fragment containing LacZ from 
pGiEM-nlsLacZ(6),orafTagment from thepAd^RSV/Slgalidasmidcon* 
lainiog the RSV promoter and the upstream adenovirus sequences 
(Fig, 4 iQ to screen for the presence of the recombinant adenovirus 



1. Abbrevlmions used in this paper Ad5» adenovirus type 5; DMD, 
Duchcniu; mu^lar dystrophy; mu, map units; pfu» p^aque-rormii^ 
units; RSV LTR, Rous sarcoixu virus long terminal repeat 
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Figure /. Generalioii of recombinant axlenovirus, AdJlSV^gal, by In 
vivo itcorobination. The recombinant e<lcnoviru$ was.construcied 
through homoliPgoas' recombination between ptasmid.pAd.R$V^gal 
ftiid the Ad5 genome. ShoWn also is nn enlar^gcnient of the insert. 
The adcnovimi seqaences arc depicted The nlslacZ gene a is 
coDtiolled by (he RS V LTR a and possesses the early mRKA polyadc- 
nylation signaj from SV40 El 



ResuKs 

Generation of the recombinant adenovirus, AdJiSV^gaL 
Ad.RSV/?gai is a lecombtnant adenovirus thai constitutiveiy 
expresses ^-i^^va^^ targeted to the nuclei of infected ccUs. 
The nis lacZ coding sequence with the S V40 early region 3'-cnd 
processing signal and under (he control of Ibc RSV LTR was 
inserted into Ad dl327 in place of Ela and Elb (mu 13-9.4). 
Fig; t depicts the ainstniction of the recombinant virus. 
E^ucs resulting frora the transfbction of 293 cells were 
screened for >?-gaIactosadase activity. Vims was amplified on 
293 cdls. The Tecombinant vims b replication incompetent 
due to its deletion for the EI genes. 

Expression cf the transferred gene in mice injected as neo- 
nates. Neonatal mice were intravenously injected with the 
Ad.RS V^gal lecombioaat virus, and gene transfer was assessed 
by histochemical stainit^ for /3-galactosidasc activity in various 
tissues. The extent of bltic staining reveals that a substantial 
percentage of ccfls within difibrent tissues are irifected. Positive 
perinud^ staining was systematically observed in many or- 
gans such as lung, liver, intestine/ heait; and skdctal muscle 
(Fig. 2, A-F) of each of the fonr individual mice killed at 15 d 
after iv injection. 

The.e[^citing impUcattoos of eflicieat gene transfer into 
myocytes led us to charactedze transduction to these cells in 
particular Gross examination of the intaa heart as well as 
skeletal muscfes from the experimental animals reveals the im- 
pressive efficiency of gene transfer alkr only a sihgfc injection 
of the recombinant adenovirus (F?g. 2, C A and F). Because 
the intravenous route was used, the viral vector is not concen- 
trated in any one area of the muscle tissue, and dispersion is 
&vored. Histochemical staining of musde leads to laige 
patches of blue throu^out. Approximately 0.2% of cardiac 



cells have undergone gene transfer after iv injection of 10' pfti 
of virus. 

Expression of the transferred gene in both cardiac and skele- 
tal muscle was found to be remarkably staUe since monthly 
kiUed injected animals displayed j9-galactosidase activity in 
these tissues througjhout the 12-mo period of the experiment 
Imporuntly, gene expression was sustained, altliough the pro- 
portion of blue cells in these muscle tissues seemed to decrease 
after the lOlh month after injection. 

Analy^ of isolated fibers demonstrates the extent of dis- 
semination of the transferred gene. A single fiber can show 
ihultipk "centers of exinession*' (Fig. 3), Each consists of a 
darldy stained central nucleus surrT):unded by audei forming a 
gradient of blue. These centers most probably result from inde- 
pendent local infections by the adenoviral vector. The number 
of colored nuclei in any one duster was found to vary from 10 
to 60. The use of a nuck:ai1y taxgcted marker is ixiformattve as 
to the degree of infection of multinucleated cells of this mor- 
phology. 

Expression €f the transferred gene in mice Injeaed as 
adults. As to the distribution of the virus, results similar to 
those obtained in mice injected as newboiiis were found after 
inbavcnous iooculation of aduhs. It is apparent, however, that 
the injection of 10* pfu of virus leads to less efficient, gene 
transfer in tiie larger adult mite, f ntrainuscukr injections were 
also peifomied and histochemical staining at 21 days after in- 
jection revealed (hat the intedion was circumscribed to the 
point of injection, as fibers with t^ue nuclei could only be de- 
tected within a Ircm area. Moreover,, the absence of blue stain- 
ing in other tissues (lung, liver, inte^ine) reveab a very limited 
diflusion of the virus when the intramuscular route ts chosen. 

Status of the viral J>NA, Southern blot analysis of DNA 
from difierent tissues of an experimental animal indicates the 
presence of the adenovirus genome in a wide variety of otg^ns 
{Fig. 4yt). The detection of a DNA fragment corresponding to 
the left etkd of the recombinan t viral genotne indicates that the 
viral DNA b present as a linear form in the tissues infected 10 d 
previously (Hg. 4 B). Moreover, the detection of a unique and 
intense band corresponding to 35.5 kb at 3 mo after injection 
reveals tfiat the viral DNA renuunsextrachromosoa:tal(Fig. 5X 
The absence of a detectable smearrules out the possibiHty that 
integration events occurred with high frequency. Qcariy, the 
sensitivity of the Southern blot docs npft allow a fair apprcda- 
tion of gene transfer as does the in situ detection of the /3^lac- 
tofiidase acti\ity. In this respect, it is reasonable that the estima- 
tion of a 0.2% transfer to the heart (based on staining) is com- 
patibte with the difference in intensity seen with the transgenic 
mouse DNA control (whtdi harbors one copy of a LacZ gene 
per cell) (Fig. 4 The incapadty to detect a band in the heart 
12 mo after injec^oo is in agreement with the decrease in the 
number of blue cells observed at this tima 

Discussion 

Gene therapy relevant to muscular diseases is espedalty hin- 
dered by the unsolved piot^m of the direct widespread 
transfer of a gene to the related tissues. Attempts to modify 
muscle tissue have centered around fusion of implanted myo- 
cytes with host muscle (1 1, 12) or injection of DNA (13-15). 
Fusion in mice of nonnal donor muscle precursor cdls with 
host mdx myofibcrs (1 1) has borne excitement leading to pre- 
liminary trials of such cell therapy in children. This approach 
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Figure 2. Efficient adcnoviral-mediated gene transfer to moose organs as cvJdenced by histodiemical slaimng for ^Uctosiaase activity. {A) 
Liver (X40); (iJ) lung (x400); {€) heart atriom (X40); {D) heart ventricle (X40): {H) iotcsf ine ()C40); {F) sJcdetal muscle (X40). Newborn mice 
were injected intravenousJy and orgam were mnoved 15 d after injection for in situ assay for /J-^alsaosidase actlvily. 
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/7^ur> i. Detailed analysis oT^cne transler into skeletal muscle after iv injection of Ad.RSV^gaL Ccnc expression was assessed 5 mo after in-' 
jcction by histocbcmlcal staining for nudear /^galactosidase acUvity. (A) Dorsal skdetai musdc (X40>; W isolated doisa! musde fiber (X40). 
Arrowheads indicate two ccDtcn of expression. (X>) Eolargemeot of boxed area ia S (X250): A dark Wu« source nucleus is surrounded by hudei 
of varying intensity .of blue staining. <0 Eniargcmcnt of center of expression shown in D (X500X Arrowheads indicate source nudcus and nudci 
of immediate viciaity. . . 



may, nevertheiesSv have too oiany drawbacks for il to be appli- 
cable to the treatroeot of disease. As the migratory capacities of 
precursor cdls are restiicted to a fewinOIimeters» cell imptanta- 
tion would necessitate millions of injections dunnjg hours of 
anesthesia. Inevitably^ immunologlca] proWems would be cn* 
countered, as with any graft Furthermore, har&i scale requin&> 
ments for human myogenic cells constttate a practical limita- 
tion. In addition, the treatment of Duchenhe muscular dys- 
trophy (DMD) not only calls for therapy for skeletal muscles, 
but for myocardial ceils too. It is difficult to envisage cell ther- 
apy as a means to provide relief to such an array of diseased 
cells. 

The concept of somatic gene therapy will more than likely 
provide the most promising solution in the future. Impor- 
tantly, its scope goes beyood the treatment of musde disease, 
since it is applicable to a large number of gen^'c disorders. The 



direct introduction of purilied nudeic acids into various oi^gans 
in vivo is attractive due to its simplicity, but again, practical 
obstacles may limh its development Fnrtbmnorc; the resul- 
tant gene expression in muscle remains localized to the point of 
injection of DNA (13) and seems to be quite limited in dura- 
tion, particulariy in cardiac musde ( 14). Interestingly, aHothcr 
organs tested proved to be nonreocptivc to DNA transfcction. 
Ihus, a method allowing a more widespread distribution of 
stable gene expression would be of tnvaloaMe importance to 
gene therapy in gcncraL 

The present report dcmonstratirtg the fdiisibility of adenovi- 
rus-mediated direct in vivo gene transfer into myocytes of mice 
has serious imr^ications for treatment of muscular disorders, 
inchiding heart diseases. The proportion of skeletal and myo- 
cardial cells expresdng the transferred gene is more in keeping 
with that probably required for a reversal of disease state. It is 
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Figure 4. Sovthcm Wot 
analyses^ All lanes con- 
tain lOfigofHindUI- 
digested tissue UNA hy- 
bridized dtbcr with a 
Lac Z probe (A) or with 
a probe specific for the 
left end of the recotnU- 
nant virus {B). Tm 
corresponds to the DNA 
of a tjaii2;gcnic mouse 
which contains one 
copy/cell ofa Lac Z 
gene. DNA from the 
heart {H\ liver (/iv), 
^cletal musde (A/), 
ajid Uixi${Lg) ofa 
mouse killed at 10 d 
after injection were analyzedL HM corresponds to heart DNA from a 
mouse killod 12 mo pi Size markers (AflV) are shown in kilohase- 
pain in the right margiA. 

expected that the percentage of recipient cells be a function of 
the quaiitity of injected virus per.animal weight. The possibility 
to obtain very high titers of adenovirus makes it conceivable to 
irH:rease the input of \irus forlaiger animals. The remarkable 
stability of expression observed (at least 12 moX notwithstand- 
ing the exi»*achromoioinal state of the vector, would, be of safe 
therapeutic value. 

An important disjributioh of the putative therapeutic DNA . 
is a prerequisite for the treatment of muscular diseases lilce 
DMD.Thiscanclearlybeadiieved when a recombinant adeno- 
virus is administered intravenously since in this case dispersion 
of the vector occurs throughout the anirnal. In contrast, the 
direct intramuscular iruection of a recombinant adenovirus 
can only lead to a localized gene transf^. It is npte^'orlhy that 
gene transfer is successful not only in neonatal animals, but 
also in adults (albeit, to a lesser e^rtentX thus opening the route 
to gene therapy of diseases dintcally diagnosed later in life. 

, Importantly, adenovirus can carry tissue-specific pro- 
moters, consequently restricting the actual sites of expression 
of the exogenous gene ( 1 6, 1 7). Moreover, the important don- 
ing capacity of the adenovirus vector makes realistic and prom- 
ising the construction ofa recombinant adei»>vinis harboring 
the dystrophin gene. The recent report lowing that expression 
of dystrophin can correct one of the effects of dystrophin defi- 
ciency (15% can only stress the urgency of an adapted vector. 
Taken together, the potentials of adenovirus along with its 
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Figure 5] Southern Uot 
analysis. Lane /, 10 icg 
of Docfigestcd tissue 
DNA prepared from, a 
control heart; lane 2, 
10 of undigested tis: 
sue DNA prepared from 
the heart of an experi- 
mental moose injected 
intravenously 3 mo pro- 
viously. Sbe markers 
(LambdVHindlU) are 
sho^ in lolobasepairs 
in theteft maigin, and 

arrows ia the right margin indicate loading wcSh and adenovirus sasc 
marker. 




proven capacities, render this virus a most interesting gene de- 
livery system for the treatment of the important hereditary hu- 
man disease, DMD. The construction of an adenovirus harbor- 
ing the dystrophin cDNA is now in progress in the laboratory. 
If such a virus is to be used in humans, safety aspects should be 
addressed concerning viral dissemination in the local environ- 
ment f n this regard, it is noteworthy that no AdRSV^gal virus 
could be detected in urine and fecal matter after intravenous 
inoculation of the recombinant adenovirus even though a nu- 
clear Lac Z expression could be detected not only in the 
smooth liiuscle of the intestine (Fig. 2 but also occasionally 
in a few epithelial cells of this (»gan (data not shown). 
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Gene Injection Into Canine Myocardium as a 
Useful Model for Studying Gene Expression 
in the Heart of Large Mammals 

Rudiger von Harsdorf, Robert J. Schott, You-Tang Shen, Stephen F. Vatner, 
Vijak Mahdavi, and Bernardo Nadal-Ginard 

We have investigated the regulated expression of genes injected into the heart of large mammals in situ. 
Reporter constructs using the chloramphenicol acetyltransferase gene under the control of muscle-specilic 
/^myosin heavy chain O-MHC) or promiscuous (mouse sarcoma virus) promoters were injected into the 
canine myocardium. There was a linear dose-response relation between the level of gene expression and 
the quantity of plasmid DNA injected between 10 and 200 fig per injection site. The level of reporter gene 
expression did not correlate with the amount of injury imposed on the cardiac tissue. There was no 
regional variation in expression of injected reporter genes throughout the left ventricular wall. By use of 
both the mouse sarcoma virus and a muscle-specific ^-MHC promoter, reporter gene expression was one 
to two orders of magnitude greater in the heart than in skeletal muscle. Expression in the left ventricle 
was threefold higher than in the right ventricle. Chloramphenicol acetyltransferase activity was detected 
at 3, 7, 14, and 21 days after injection, with maximal expression at 7 days after injection. Statistical 
analysis of coinjection experiments revealed that coinjection of a second gene construct (Rous sarcoma 
vinis-luciferase) is useful in the control of transfection efficiency in vivo. Furthermore, using reporter 
constructs containing serial deletions of the 5' flanking region of the /5-MHC gene, we performed a series 
of experiments that demonstrate the utility of this model in mapping promoter regions and identifying 
important regulatory gene sequences in vivo. Thus, gene injection Into canine myocardium has proven to 
be a powerful tool in the study of regulated gene expression in large mammals in vivo, with the potential 
of providing useful clues about the regulation of gene expression prevailing in human myocardium. 
(Circulation Research 1993;72:688-695) 

Key Words • in vivo gene transfer • large mammals • canine myocardium • ^myosin heavy 
chain • in vivo promoter mapping 



Until recently, regulated gene expression in vivo 
has been studied by using transfection assays 
of cultured cells^-^ and/or by creating trans- 
genic animals.*'^ Particularly in the case of terminally 
differentiated cells, such as the cardiac myocytes, the 
use of cultured cells has been hampered by low trans- 
fection efficiencies and the diflficiilty in reproducibly 



Hiis manuscript ftom Harvard Medical School was sent to 
Howard E. Morgan, Consulting Editor, for review by expert 
referees, editorial decision, and final disposition. 

From the Laboratory of Molecular and Cellular Cardiology, 
Howard Hughes Medical Institute and Department of Cardiology, 
Children's Hospital, Harvard Medical School (R. von H, RJ.S., 
V.M., B.N.-G.), Boston, and the Department of Medicine, 
Brigham and Women's Hospital, Harvard Medical School, the 
New England Regional Primate Center (Y.-T.S., S.F.V.), South- 
borough, Mass. 

Supported in part by National Institutes of Health grant HL- 
38070. R. von H. is a recipient of a fellowship of the Deutsche 
Forschungsgenieinschaft (Ha-I777/1-1). RJ.S. is an appointed 
trainee-fellow of the Bugher Foundation of the American Heart 
Assodatton. B.N.-G. is an investigator of the Howard Hughes 
Medical Institute. 

Address for correspondence: Bernardo Nadal-Ginard, MD, 
PhD, Department of Cardiology, Children's Hospital, 300 Long- 
wood Avenue, Boston, MA 021 15. 

Received October 13, 1992; accepted December 7, 1992. 



obtaining sufBcient quantities of primary cells when 
phenotypically suitable established cell lines are not 
available. These problems are further accentuated in 
the study of genes expressed in the myocardium. In- 
deed, even in the best of cases, the interpretation and 
physiological significance of the results is weakened by 
the fact that the cells are not embedded in their natural 
enviironment. These reasons and the paucity of infor- 
mation available on cardiac gene regulation has stimu- 
lated the search for alternative approaches. 

Introduction of exogenous DNA into germ cells and 
the creation of transgenic animals has greatty improved 
the study of gene regulation in a physiologically mean- 
ingful environment, as well as during development and 
organ diflferentiation,* but for practical purposes, this 
approach is limited to small mammals, the mouse in 
particular, because of the significant effort and costs 
related to the creation of transgene carriers and the fact 
that the vast majority of genetic knowledge in mammals 
originates from the mouse. Thus, the recent demonstra- 
tion of gene transfer in vivo by simple injection of pure 
plasmid DNA into skeletal muscle of living mice* was a 
significant development that provided a convenient ap- 
proach in the study of gene regulation and combmed 
many of the advantages of the in vitro transfections and 
the transgenic models for short-term analyses. Varia- 
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tions of this principle for in vivo gene transfer have been 
used to deliver recombinant DNA^-" or in vitro genet- 
ically altered smooth muscle cells^2.i3 vascular endo- 
thelium via catheter, resulting in low levels of gene 
expression. In addition, this model of gene transfer in 
vivo offers a potential route for gene therapy in human 
disease. 

The potential to take up and express naked DNA 
introduced by simple injection is not limited to skeletal 
muscle. In the recent past, several laboratories have 
demonstrated the expression of naked recombinant 
DNA injected into the rat heart.*^-^^ In this model, 
expression of the injected genes, as determined by 
histochemistry, appears to be localized around the 
injection channel,*^''^ with a small number of cells 
actually expressing the gene product.'^ The transfection 
efficiency appears to be higher with closed circular than 
with linear plasmid DNA.^^ Southern blot analysis of 
DNA obtained from skeletal muscle of mice injected 
with plasmid DNA provided the first evidence of the 
episomal localization of the gene construct.* 

Rodents differ substantially in their cardiovascular 
physiology and pathophysiology from humans in the 
rate of metabolism, as reflected in the heart rate, in the 
pattern of cardiac contractile isoforms,^*'*2o ^he 
induction of isoform switches during development and 
hypertrophy. 2^-22 Moreover, although small mammals 
have been the model of choice for genetic and molecu- 
lar analyses, large mammals, particularly the dog, have 
been the model of choice for physiological studies, 
especially when a large heart is necessary for the 
analysis of cardiac performance. These facts, together 
with the closer similarities between canine and human 
cardiac physiology, make this species the animal of 
choice for the analysis of gene regulation under exper- 
imental conditions that are physiologically meaningful 
and that could provide relevant insights into expression 
patterns prevailing in humans. 

For all these reasons, we have developed a method- 
ology to study gene expression in large mammals by 
injection of plasmid DNA into canine myocardium. Our 
data, which show that the predominant isoform of 
contractile proteins in the canine myocardium is, as in 
humans, the ^-myosin heavy chain (^MHC), ftirther 
support the use of this model for studies relevant to 
human cardiovascular biology. Several important pa- 
rameters relevant to the expression of injected gene 
constructs in this model have been characterized. The 
results demonstrate that the canine myocardium is an 
excellent receptor for injected genes and provides an 
ideal system for the analysis of gene egression in vivo 
under carefully monitored physiological conditions. 

Material amtd Metthods 

Plasmids 

MSV-CAT was created by fusing the coding sequence 
of the chloramphenicol acetyltransferase (CAI^ gene^^ 
to the long terminal repeat of the mouse sarcoma virus 
(MSV). Rous sarcoma virus (RSV)^ucif erase was de- 
scribed previously.2* The series of deletions of the 5' 
flanking region of the fir-MHC included the -S^OOrfi- 
MHC-CAT, -667r^MHC>-CAT, -354r^MHC-CAT, 
and -215r)3-MHC constructs, which are genomic frag- 
ments of the rat /3-MHC (r/S-MHC) gene from -3,300, 



-667, -354, -215, and -186 base pairs (bp) to +38 bp 
relative, to the transcriptional start site cloned in front of 
the CAT gene.25 Position -607 to +32 of the rat 
of-myosin heavy chain (ro-MHC) promoter sequence 
linked to the CAT gene is termed -607ra-MHC-<:AT.26 
Nucleotide sequence -256 to +500 of the 5' flanking 
sequence of the rat apolipoprdtein A-I (ApoAI) fused to 
the CAT gene is termed -256ApoAI-CAT.27 

Animal Preparation and Injection of Plasmid DNA 

Fourteen adult mongrel dogs of either sex weighing 
between 20 and 26 kg were used for these experiments. 
Dogs were premedicated with xylazine (10 mg/kg i.m.), 
and general anesthesia was induced with thiamylal 
(10-20 mg/kg i.v.) and maintained with halothane (0.5- 
1.5% [vol]). Sterile technique was used, and the peri- 
cardium was exposed through a lateral thoracotomy at 
the fifth intercostal space. The pericardium was opened, 
and the heart was anchored with a suture through the 
apex. Up to thirty 4-mm^ patches of Dacron were sewn 
to the epicardium to mark injection sites. After place- 
ment of the patches, circular plasmid DNA resuspended 
in Ix phosphate-buffered saline Was injected through a 
30-gauge needle inserted perpendicular to the epicar- 
dium. The incision was closed in layers, and the chest 
was evacuated. The animals were observed during re- 
covery until fully conscious. Animals used in this study 
were maintained in accordance with the guidelines of 
the Committee on Animals of the Harvard Medical 
School and the "Guide for the Care and Use of Labo- 
ratory Animals" (Department of Health and Human 
Services, publication No. [NIH] 86-23). 

Tissue Preparation 

After 7 days, the animals were killed with an overdose 
of jjentobarbital, and the heart was rapidly excised and 
placed in ice-cold saline. The labeled injection sites 
were excised as transmural blocks of myocardium, 
weighing 0.5-1.0 g, and immediately placed in liquid 
nitrogen. Tissue was stored at -80**C until further 
processing. Inamediately before the CAT assay, ti^ue 
was homogenized in 1 ml homogenization buffer con- 
taining (mM) glycyl-glycine 25 (pH 7.8), MgS04 15, 
EGTA 4 (pH 8.0), and dithiothreitol 1, as described 
previously.** The suspension was centrifuged at 6,00% 
for 15 minutes at 4**C, and the supernatant was used for 
further analysis. The supernatant was normalized for 
protein content as determined by the Bradford assay 
(Bio-Rad Laboratories, Richmond, Calif.) by the appro- 
priate dOution with homogenization buffer. 

CATAssays 

CAT assays were performed as previously de- 
scribed.^ In brief, 10% of the supernatant normalized 
for protein content, 1 fil '^C-labeled chloramphenicol 
(0.25 mCi), and 5 /il n-buturyl coenzyme A (5 mg/ml) 
were mixed and filled to a total volume of 125 pi with 
250 mM Tris-Ha, pH 8.0. The reaction mixture was 
incubated at 37*C for 2 hours, which was in the linear 
range of the reaction. The acetylated chloramphenicol 
fraction of the suspension was extracted by adding 300 
pi xylene. Suspensions were back-extracted twice with 
250 mM Tris-HQ, pH 8.0. Aliquots of 200 /d were 
counted in scintillation fluid in a beta counter (model 
LS 6000IC, Beckman Instruments). 
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Lucif erase Assay 

Luciferase assays were performed as described else- 
where.29 In summary, 10% of the supernatant normal- 
ized for protein content was brought to a volume of 100 
III with homogenization buffer (see "Tissue Prepara- 
tion") and mixed with 360 p\ reaction buffer containing 
(mM) glycyl-glycine 25 (pH .7.8), MgS04 15, EGTA 4 
(pH 8.0), dithiothreitol 1, KPO4 15 (pH 7.8), and ATP 
2, along with 0.3% Triton X-100. Light emission was 
measured in a monolight luminometer (1251 luminom- 
eter, LKE Wallac, Turqu, Finland) immediately after 
the addition of 0.2 mM D-luciferin to the reaction 
mixture. Light units are expressed as the integral of 
activity measured over 20 seconds. Only values within 
the linear range were included for analysis. 

Data Analysis 

All data are reported as mean±SEM. For statistical 
comparisons of CAT activity across time and regionally 
within the left ventricle, analysis of variance (ANOVA) 
was used. ANOVA was also used for promoter compar- 
isons and comparison of injection techniques. When 
significant, intergroup comparisons were performed by 
unpaired / tests with the Bonferroni adjustment. Linear 
regression analysis was used to examine the correlation 
between CAT and luciferase activities in the cotransfec- 
tion experiments. All analyses were performed on a 
Macintosh computer using statview ii (Abacus Con- 
cepts Inc., Berkeley, Calif.) with p<0.05 considered 
significant. 

Results 

Expression of Gene Constructs Injected Into the 
Myocardium Follows Dose-Response Kinetics 

To determine the efficiency and kinetics of expression 
of DNA injected into canine myocardium, we injected a 
constant volume of 200 /il containing increasing 
amounts of MSV-CAT plasmid DNA ranging from 10 to 
3007xg per injection site into one dog heart. As depicted 
in Figure 1, an amount as little as 10 /tg DNA resulted 
in a CAT signal nearly 10 times the background signal. 
In the range of 10-200 /xg, the dbse-CAT activity 
relation appeared linear (>'=0.2x+10.8; r^=0.54). 
Higher amoimts of total DNA resulted in a plateau, 
reflecting a saturation kinetic of DNA uptake, transcrip- 
tion, or both. These results indicate that the canine 
myocardium has a large capacity for uptake of injected 
DNA over a very broad range of concentrations. How- 
ever, the slope of the curve clearly indicates that the 
efSciency of expression is the highest at the lower 
concentrations. Tlie reasons for this behavior are not 
known at this time. However, this finding stresses the 
requirement for internal standards when the efficiency 
of expression between different constructs and/or 
amounts of injected DNA are to be compared. 

Amount of Injury Imposed on Injection Site Does Not 
Correlate With the Level of Gene Expression 

Three different injection techniques were compared 
in one experiment to analyze the impact of injection- 
induced injury on the cardiac tissue and its relevance for 
the level of egression of the injected reporter gene 
constructs. Because it could be argued that the results 
presented here represent uptake by nonmyocyte cells 
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Figure 1. Dose-response relation between amount of in- 
jected DNA and chloramphenicol acetyltransferase (CAT) 
activity. Scatterplot of CAT activity per injection site versus 
total amount of DNA (mouse sarcoma virus-CAT) per 
injection site is shown. Different concentrations of DNA were 
injected in a constant volume of 200 pd The correlation 
equation for the concerU rations between 10 and 200 fig is 
Y^0,2x-^10.8; t^=0.54. Means (±SEM) are shown as solid 
squares (n=4 for each dose). 

and therefore are not meaningful for the study of 
cardiac muscle biology, we tested a reporter construct 
whose expression is restricted to muscle cells. Although, 
to date, there has been no published report identifying 
the pattern of myosin heavy chain expression in the 
canine myocardium, our RNA blot analysis indicates 
that, like in other large mammals, the normal adult 
isoform is /3-MHC, with a low level of a-MHC (data not 
shown). For this reason, we chose to use previously 
characterized /5-MHC promoter constructs for this anal- 
ysis.25 In the first group, 200 fil of -667r/3-MHC-CAT 
plasmid DNA solution were injected via one single 
injection. In the seccmd group, 50 p\ of the same 
concentration of DNA was injected four times per 
injection site. To account for differences in the distri- 
bution of the DNA solution in the tissue between those 
two groups, a third group was included in which 200 ^ 
of the DNA solution containing the same amount of 
total DNA as the other two groups were ii^ected viaone 
injection, and three additional stabs with the needle 
(but without injection of PNA) were performed around 
the actual injection site. As depicted in Figure 2, there 
were no statistical differences in CAT activity between 
any of these groups (ANOVA, /?>0.05). However, be- 
cause of the apparent trend of higher expression in the 
group with 50 ftl DNA injected four times and because 
of a lower standard deviation in this group, we used this 
injection technique for subsequent experiments. 

Promiscuous arul Tissue-Specific Reporter Gene 
Constructs Are Expressed Over Extended 
Periods of Tune 

To evaluate the stability and peak of the expression of 
injected recombinant gene constructs in canine myocar- 
dium, we killed animals at four different time points 
(days 3, 7, 14, and 21 after injection). Multiple injections 
of CAT gene constructs using either promiscuous 
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Figure 2, Bar graph comparing three different injection 
techniques. r^-MHQ rat fi-myosin heavy chain; CAT, chlor- 
amphenicol acetyliransferase. A total amount of 50 pg of 
-667rP'MHC-CAT was injected in each group. Values are 
mean ±SEM (n—lO for each group ). 

(MSV) or muscle-specific (-667r^MHC) promoters 
were performed (Figure 3). ANOVA for CAT activity 
within the MSV and -667r^-MHC promoters was 
significant (p<0.01 for the MSV and -667t0-MHC 
constructs). The overall temporal pattern of expression 
of the exogenous genes was similar between promiscu- 
ous and tissue-specific promoter constructs, with CAT 
activity already well detectable 3 days after injection, a 
peak at day 7, and a subsequent decline in CAT activity 
throughout day 21 (p<OM for MSV and /?<0.0001 for 
-667r)^MHC by unpaired t test). TTiis pattern of 
expression at the protein level is likely to be an overes- 
timate of duration of expression of the injected DNA 
because of the long half-life of the CAT protein, which 
is more than 50 hours in most cell types.^ Therefore, 
the levels of expression shown in Figure 2 not only 
reflect the activity of the driving promoter but also 
reflect phenomena beyond the transcriptional level, e.g.. 
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Figure 3. Bar graph showing time course of expression of 
injected gene cortstructs, CAT, chloramphenicol acetyltrans- 
ferase; rfi-MHC, rat ^-myosin heavy chain, CAT activity 
versus days after injection for promiscuous (mouse sarcoma 
virus, solid bars) and muscle-specific (-667rP'MHC, 
hatched bars) promoters driving the CAT reporter gene (com- 
pared wiA day 7, ^p<0.02 for mouse sarcoma virus and 
''p<0.(mi for ~667rp-MHC by unpaired t test), Vabies are 
mean±SEM fn=5 for each time point). 



the half-life of the expressed protein as well as that of 
the injected episomal DNA. 

Reporter Gene Constructs Are Evenly Expressed 
Throughout the Left Ventricular Wall 

Since it was the purpose of our study to establish a 
practical model to compare the regulation of difierent 
recombinant gene constructs within the same animal by 
injecting at numerous sites mto the canine myocardium, 
we compared the expression of a given construct at 
different locations throughout the myocardium. To ac- 
count for regional differences in uptake and/or expres- 
sion of foreign DNA by the cardiocytes, we injected the 
muscle-specific construct -667rj3-MHC-CAT in 24 dif- 
ferent sites of the left ventricle as depicted in Figure 4. 
There were no detectable regional differences in CAT 
expression (ANOVA, p>0.05); however, because of the 
apparent trend toward decreased expression at the ex- 
treme base and apex of the left ventricle, we elected not 
to inject at those locations for subsequent experiments. 

CAT Activity Is Approximately Threefold Higher in 
the Left Than in the Right Ventricle 

One of the advantages of the canine versus the rodent 
model is the possibility to perform multiple injections 
also into the right ventricle. As shown in Figure 5, the 
expression of promiscuous as well as tissue-specific 
promoter: constructs was found to be a third that 
observed in the left ventricle. This phenomenon could 
be based on the difference in wall thickness, with a 
smaller number of cells being transfected along the 
injection tract in the right ventricle. Alternatively, this 
may reflect a higher chance of leakage of injected DNA 
into the myocardial cavity during injections into the 
right ventricle. 

The Heart Expresses Injected Reporter Gene 
Constructs One to Two Orders of Magnitude 
Higher Than Does the Skeletal Muscle 

To compare the level of expression of injected gene 
constructs in the canine heart with other organs and 
possibly detect organ-related differences in the expres- 
sion of exogenous genes, we performed injections of the 
promiscuous MSV-CAT and the muscle-specific 
P-MHC-CAT constructs into the quadriceps, a skeletal 
muscle of nuxed fiber types. The values in Figure 5 are 
expressed as percentage of the expression of the accord- 
ing construct in the left ventricle. The expression of 
both , the muscle-spedfic and promiscuous promoter 
constructs was, respectively, approximately one and two 
orders of magm*tude lower in the skeletal inuscle than in 
the left ventricle. As demonstrated before on mRNA 
levels in the rat, the /3-MHC is most abundant in the 
soleus, a skeletal slow-twitch muscle, and also in the 
cardiac ventricle in hypothyroid anunals.^* Thus, the low 
level of e^^ression of the fi:MHC promoter construct 
may be due to the fact that we injected the DNA into a 
mixed-fiber muscle, in v^ich the p-MHC protein is 
much less abundant than it is in slow-twitch fiber 
muscle. The reason for the lower expression of the 
promiscuous construct in the skeletal muscle compared 
with the heart is unknown. 



692 Circulation Research Vol 72, No 3 March 1993 




Afiteffor A n terol ate ral Lateral Posterior 

Location 



1 2 3 4 5 6 
Location 

Bass ^ Ap^ 



Figure 4. Bar graphs showing regnal ex- 
pression pattern of injected gene constructs 
throu^ut the left ventricular wall rfi-MMQ 
rat p-myosin heavy chain; CAT, chloram- 
phenicol acetyiiransferase; A, anterior; AL, 
anterolateral;!^ lateral;. P, posterior. Twenty- 
four injections of -667rp-MHC-CAT were 
performed with four columns around the left 
ventricle, each comprising six injection sites 
ranging from base to apex (see drawing), 
Mean±SEM values of each column are 
shown in the left panel (n=6), Mean±SEM 
values of each row are shown in the right 
panel (n=4). 



Coinjection of a Control Gene Construct 
(RSV-Lticiferase) Has Proven Useful in Monitoring 
the Transfection Efficiency in This Model 

Cotransfection is used to control for transfection 
efficiency in vitro, and it has also been used in vivo/^^ 
but its usefulness in in vivo experiments has not been 
evaluated before. This is particularly important since, in 
contrast to cell culture studies, the transfected cell pool 
consists of a heterogeneous cell population, which may 
express the two gene constructs in a diverse pattern, 
rendering the coinjection useless. Two representative 
experiments were analyzed for correlation of CAT 
versus ludferase expression in this model, as depirted in 
Figure 6. In one experiment, the muscle-specific 
— 667rj3-MHC-CAT construct was coinjected with the 
RSV-Iudferase gene (Figure 6A). The long terminal 
repeat (LTll) of RSV (RSV-LTR) functions as a rela- 
tive promiscuous promoter as determined previously, 
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Figure 5. Bar graph showing expression of promiscuous 
(mouse sarcoma virus [MSVJ) or muscle-specific (-667 rat 
p ntyosin heavy chain [-667 rat pMHC]) promoter con- 
structs in the ri^t ventricle (RV) and in skeletal muscle 
(Sk,M.), CAT, chloramphenicol acetyltransferase. Values 
(mean±SEM) are depicted as percent of expression of the 
same construct in the left ventricle (LV, 100% solid bars). 
Open bar bRV(n^lO for MSV, n^Sfor -667 rat pMHC). 
Hatched bar is skeletal muscle (n=10forMSV, n^9for -667 
rat pMHC). 



where transgenes directed by the RSV-LTR were highly 
expressed in tissue of mesodermal origin.^^*^ The cor- 
relation between CAT and luciferase activity was sig- 
nificant (r^=0.8, slope=0.8±0.2, p<OM), When two 
promiscuous promoter constructs (MSV-CAT and 
RSV-luciferase) were coinjected (Figure 6B), the linear 
regression anatysis of CAT activity versus luciferase 
activity revealed an of 0.9, with a slope of 3J±0.6 
(/7<0.0G5, n=6). This indicates that cotransfection is 
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Rgure 6. Correlation of chloramphenicol acetyltrans- 
ferase (CAT) to ludferase activity in coinjection experiments, 
r667'CAT, -667 rat ^-myosin heavy chain-CAT;^ MSV- 
CAT, mouse sarcoma virus-CAT Scatterpiots of CAT activ- 
ity (counts per miruUe) versus hiciferase activity (li^ units) 
are shown. One hurulred micrograms of a tissue-^c^ 
(r667-CA T, dosed circles, top pond) or a promiscuous (MSV- 
CAT, open circles, bottom panel) reporter gene construct was 
coinjected with 20 pg control gene construct (Rous sarcoma 
viruS'luciferase). The regression functions are as indicated. 
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Figure 7. Bar graph mapping the 5' flanking 
region of the ^-myosin heavy chain (P-MHC) 
gene in vivo, CAT, chloramphenicol acetyltrans- 
ferase; MSV, mouse sarcoma virus; Apo Al, 
apolipoprotein A-I; a-MHQ a-myosin heavy 
chain. A series of deletions of the upstream 
region of the rat fi-MHC gene ranging from 
—3,300 to -186 relative to the transcription start 
site were cloned in front of the CAT gene and 
injected into the canine myocardium. For com- 
parison -607 rat a-MHC-CATand -256 Apo 
Al -CAT were also injected Reporter gene con- 
struct (100 fig) was coinjected with 20 pg control 
gene construct (Rous sarcoma virus-luciferase). 
CAT activity was corrected for luciferase activity 
and is expressed in percentage of MSV-CAT 
Open bars are fi-MHC-CAT constructs (n=6- 
10), Hatched bar is the a-MHC-CAT construct 
(n^lO), Solid bar is the Apo Al -CAT construct 
(n-lO), See text for statistical analysis. 



meaningful and necessary to account for transfection 
efficiency in vivo; therefore, differences in expression of 
gene constructs may be attributed to differences in the 
regulation of expression of these constructs as long as 
values are normalized for the activity of the cotrans- 
fected gene. This analysis also reveals the feasibility of 
coinjecting a tissue-specific promoter construct with a 
promiscuous promoter construct to control for transfec- 
tion efficiency. 

Injection of Reporter Gene Constructs Into Canine 
Myocardium as a Useful Method to Detect 
Regulatory Gene Sequences In Vivo 

After characterization of many important parameters 
relevant for the regulated expression of injected re- 
|X)rter gene constructs, we addressed the question of the 
feasibility of this model for mapping promoter se- 
quences and thus identifying regulatory gene sequences 
in vivo. Constructs using serial deletions of the 5' 
flanking region of the )3-MHC gene cloned in front of 
the CAT reporter gene were used (Figure 7). As a 
negative control, we used a construct containing the 
nucleotide sequence -256 to +397 relative to the 
transcription start site of the ApoAI gene, which has 
beeh shown to be expressed in hepatocytes specifical- 
YyP Activity of the different ^-MHC constructs was 
compared by ANOVA (/7=0.00i). All six possible pair- 
wise comparisons were made and found to be significant 
(p<0.005), except -354r^MHC versus -215rjS-MHC. 
The most active construct was the -667r^-MHC-CAT 
reporter gene construct The marked difference in ac- 
tivity compared with the other J3-MHC-CAT constructs 
agrees with the presence of a positive regulatory ele- 
ment between positions -667 and -354 relative to the 
transcription start site. Further deletion of the ^-MHC 
gene promoter to position -186 relative to the ttan- 
scription start site (-186r/5-MHC-CAT) resulted in a 
sharp decline of the CAT activity to a level that was 
barely above that of the negative control construct 
(-256^)oAI-CAT), indicating another positive regula- 
tory element important for basal transcription between 
positions -215 and -186 relative to the transcription 



start site. A repressor element may be located further 
upstream, as implied by the drop of activity of the 
-3,30Or)3-MHC-CAT construct to approximately one 
fourth of the activity of the -354 and -215r^MHC- 
CAT constructs. The -607ra-MHC-CAT construct, 
which is the most active tissue-specific construct in rat 
cardiocytes as demonstrated by transfection assays of 
primary cell cultures,^^ was approximately sixfold less 
active than the -667r^-MHC-CAT. This result was 
expected, given the relative level of endogenous /3- and 
a-MHC mRNA expressed in large mammals versus 
small manmials. 

Taken together, our observations demonstrate that 
direct DNA injection into the canine myocardium is a 
practical and efficient method to study gene regulation 
in the intact animal. 

Discussiom ' 

Our study indicates the feasibility of investigating the 
regulated expression of injected gene constructs in vivo 
in the heart of large manmaals, specifically the canine 
myocardium. We demonstrate that pure plasmid DNA 
can be injected into the myocardial wall of dog$ without 
any side effects. Electrographic monitoring and intraar- 
terial blood pressure measurements performed postop- 
eratively over several subsequent days in a number of 
dogs revealed only transient tachyarrhythmias in the 
first 1-2 hours after surgery, but otherwise no cardiac 
malfunction due to the injection procedure was de- 
tected. Hie eflBciency of expression of gene constructs 
injected into canine myocardium compares favorably 
with other transfection methods. 

In the first series of e^riments, we defined param- 
eters important for direct injection of reporter gene 
constructs into the canine myocardium. We show that 
ejqjression of injected gene constructs is dose depen- 
dent and has features of a saturation kinetic at doses 
above 200 /tg per injection site. To some extent, this has 
been demonsfrated before in the skeletal muscle of 
mice by injecting three different doses of plasmid DNA 
ranging from 10 to 100 ;tg,^ although no saturation, 
kinetics were demonstrated. 
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The analysis of the time course of the expression of 
gene constructs in our model revealed a pattern similar 
to Other investigations,^^^ although these other studies 
were performed in rodents. The reason for the decline 
in the level of gene expression after 7 days is not known, 
but Acsadi et al>^ have suggested that injected plasmid 
DNA remains episbmal and that the DNA itself is lost 
with time because of rapid degradation. One also might 
speculate that cells harboring the CAT gene product 
might be eliminated by immunological processes. This 
hypothesis is favored by recent experiments conducted 
on nude (immunosuppressed) rats, which showed a 
prolonged expression of an injected luciferase construct 
compared with normal rats." Data obtained from trans- 
genic animals also indicate that the expression of the 
transgene may induce immunological responses.^ How- 
ever, other reports were able to demonstrate a rather 
long-lasting gene expression of 19 months in rodents 
after in vivo gene transfer into skeletal muscle^'' and of 
60 days after injection into rat hearts.'^ 

The local pattern of exogenous gene expression has 
not been addressed before because of the small size of 
the species investigated. In the present study, we find no 
regional differences in expression for a muscle-specific 
promoter construct throughout the left ventricular wall. 
This renders the canine model suitable for comparison 
of different injected gene constructs within one animal, 
thus reducing the interindividual variability, whereas a 
large pool of animals is required in studies undertaken 
on rodents to gain statistical significance.^ In contrast, 
we observed a reduction of expression in the right 
ventricle to approximately one third of the left ventricle, 
which is probably related to the differences in wall 
thickness and thus the number of cells, which can be 
transfected along the needle tract. 

The histological distribution of cell transfection has 
been addressed in several reports either by analysis of 
expression in different areas around the injection site*^ 
or by use of constructs containing the coding sequence 
of the Escherichia colt lacZ gene.**'*^ Apparentfy only 
cells in the direct vicinity of the needle tract are 
transfected. This observation raised the question about 
the mechanism of DNA uptake in this model, since the 
localization aroimd the needle tract favors the hypoth-- 
esis of DNA uptake through leaking cell membranes 
induced by injury. However, eur data reported here do 
not favor th^ hypothesis. The comparison . of three 
different injection techniques with different degrees of 
injury imposed on the cardiac tissue did not reveal a 
positive correlation between the degree of injury and 
DNA uptake or expression. Since the expression pat- 
tern of injected reporter gene constructs seems to 
display tissue-specific gene regulation mechanisms (Fig- 
ure 7), it is unlikety that macrophages, chemotactically 
attracted to the injection site and supposedly able to 
incorporate DNA molecules by phagocytosis, contribute 
significantly to the expression of the injected reporter 
gene constructs. However, the exact mechanism of 
uptake of injected DNA remains elusive. It has been 
reported elsewhere that administration of DNA 
through multiple injections decreased the expression or 
uptake of the injected gene constructs.^ Since this 
observation is not in agreement with our results, further 
studies have to be undertaken to elucidate the mecha- 



nism of uptake of exogenous DNA constructs into 
mammalian cells in vivo. 

Both, promiscuous and muscle-specific promoter con- 
structs demonstrated a much lower level of expression 
in the skeletal muscle than in the heart. This observa- 
tion is consistent with another report in which the 
promiscuous RSV-CAT, used for coinjection, was ex- 
pressed approximately 20-fold less in skeletal muscle 
than in the heart of rats.»8 The reason for this difference 
in expression is not known and is the subject of specu- 
lation. The marked difference in expression of the 
promiscuous MSV-CAT promoter construct between 
cardiac and skeletal muscle is surprising if one bears in 
mind the generally known high level of expression of 
this construct in transfection assays of all cell types 
studied so far. In contrast to cells in culture, which do 
not underlie physiological control mechanisms, the ex- 
pression of injected plasmid DNA in our model might 
reflect differences between certain organs, regarding 
the prevailing physiological regulation pattern. The 
rhythmical contraction of the heart with the concomi- 
tant alteration of the myocardial wall stress or other 
regional differences in the neurohormonal regulation of 
organ function might account for the observed difference 
of expression of both constructs in vivo. The differences 
in the structure of the tubule system between cardiac and 
skeletal muscle cells might be related to a different 
efficiency of DNA uptake between these two cell types. 
As for the ^-MHC reporter construct, it also may reflect 
the difference in abundance of the ^MHC protein 
between cardiac and mixed fiber musde as has been 
shown before.3i However, more work will be required to 
uncover the basis for this phenomenon. 

Although coinjection of a second gene construct to 
account for transfection effidenqr, thereby reducing the 
variability inherent in transfection assays of cell cul- 
tures, is very common, its usefulness in in vivo gene 
transfer experiments has not been analyzed before. Our 
results indicate a high degree of correlation between 
expression of both injected genes, independent of the 
tissue specificity of the driving promoter. Thus, cotrans- 
fection in this model has proven to be useful. 

To assess the usefulness of direct injection of DNA 
into canine myocardium to identify regulatory gene 
sequences important for in vivo expression (promoter 
mapping), we injected constructs containing a series of 
deletions of the 5' flanking region of the /^MHC gene. 
Our data are in general agreement with results obtained 
from transfection assays of skeletal and cardiac muscle 
ceUs.25 Notably, the -667r/3-MHC-CAT construct 
seems to be more active in the heart than in skeletal 
muscle cells, as one can see by comparing the relative 
activity of the -667 with the -354 and the -215ri^ 
MHC-CAT construct in the heart and in transfected 
skeletal muscle cells.^^ The reason for this observation 
is unknown, but it might reflect the existence of a 
positive regulatory element between nucleotide posi- 
tions -667 and -354, which is recognized specifically in 
cardiocytes and acts cooperatively with other positive 
regulatory elements further downstream from the 
i3-MHC gene promoter, one of which may be located 
between positions -215 and -186 relative to the tran- 
scription start site, as indicated by the marked drop of 
CAT activity induced by deletion of this sequence. This 
is in agreement with studies performed on cell cultures. 
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in which thie same sequence has been found to be 
important for the basal activity of the J3-MHC promoter 
in Sol8 myotubes.25 In general, these findings prove the 
usefulness of this method in the identification of regu- 
latory gene sequences in vivo and possibly their impor- 
tance in the induction of pathophysiological conditions. 

In summary, injection of recombinant gene constructs 
into canine myocardium appears to be a practical and 
efiicient model for studying the regulated gene expres- 
sion in the heart of large mammals. It allows for better 
extrapolation to humans than methods using small 
mammals, as have been done so far for this type of 
analyses. Furthermore, this model holds promise to 
serve as a tool to manipulate the cardiac phenotype. 
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Background Efficient methods of introducing genes into 
myocardiai cells must be developed before local somatic cell 
gene therapy can be implemented against myocardial disease. 
Although adenoviral (Ad5) vectors have been used to target 
rodent hearts and plasmid DNA has been directly injected into 
the myocardium of rats and dogs, the amounts of recombinant 
protein produced by these procedures have not been reported, 
and adenoviral vectors have not been used in large mammalian 
hearts. 

Methods and Results Replication-deficient recombinant ad- 
enoviral vectors carrying either the luciferase or lacZ reporter 
genes were injected directly into the ventricular myocardium 
of adult domestic swine for evaluation of reporter gene 
expression. This procedure did not affect regional myocardial 
function as assessed by systolic wall thickening using ultrasonic 
crystals. Luciferase activity was detected 3 days after injection, 
increased markedly at 7 days, and then declined progressh^ely 
at 14 and 21 days. Luciferase production was comparable in the 
right and left ventricular walls and increased with increasing 
amounts of virus, reaching 61 ±21 ng at the highest dose exam- 
ined (3.6x l(f plaque-forming units). The injection of 200 /ig of 
plasmid DNA (pRSVL) produced levels of luciferase compara- 
ble to 1.8x10* plaque-forming units of recombinant Ad5; how- 
ever, when normalized to the number of genes injected, the 
adenovirus was 140 000 times more effident than plasmid DNA 



Gene therapy has recently emerged as a novel 
approach that may have important applica- 
tions in the treatment of human disease.^-^ in 
the field of cardiology, much interest has focused on 
developing techniques to introduce recombinant genes 
directly into the vasculature and the heart.^ Although 
several studies have demonstrated successful gene 
transfer into the ventricular myocardium of rats using 
direct injection of plasmid DNA,^-^ the number of 
myocytes transfected with this method appears to be too 
small for successful gene therapy application.^ A study 
by von Harsdorf et al» demonstrated that intramyocar- 
dial injection of plasmid DNA can be applied to the 
intact dog, that it is suitable for studying the transcrip- 
tional regulation of cardiac-specific promoters, and that 
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Histochemical analysis of /3-galactosidase activity produced by a 
second Ad5 vector demonstrated that nearly all (>95%) of the 
stained cells were cardiomyocytes and that the percentage of 
cardiomyocytes infected by the virus could be quite high in 
microscopic regions adjacent to the needle trade (up to 15% in 
fields of &} to 70 cells); however, Ad5 -infected ceDs were rarely 
observed farther than 5 mm finora the injection site. Furthermore, 
the Ad5 vector induced pronounced leukocytic infiltration that 
was far in excess of that seen after injection of vehicle alone. 

Conclusions This study demonstrates for the first time that 
direct intramyocardial injection of replication-deficient adeno- 
virus can program recombinant gene expression in the cardio- 
myocytes of a large animal spedes with relevance to human 
physiology. The efficiency of adenovirus-mediated gene trans- 
fer is far superior to that of plasmid DNA injection, and this 
method appears to be capable of producing more reccmibinant 
protein. However, the cell-mediated inunune response to the 
Ad5 vector and the limited distribution of reporter gene 
expression suggest that less immunogenic recombinant vectors 
and more homogeneous administration methods will be re- 
quired before Ad5 vectors can be successfully used for pheno- 
typic modulation. {Circulation. 1994;9(h2414-2424.) 

Keywords o genetics o myocardium o adenoviruses o 
leukocytes 



multiple DNA injections can be made in the same 
canme heart, thus ina-easing the yield of data from each 
animal. These reports^ * provided relative measure- 
ments of the levels of recombinant gene product ob- 
tained foUowing direct mtramyocardial injection, and 
many of them assessed the distribution of reporter gene 
expression using a histochemical assay for ^galacto- 
sidase activity/'^ However, these studies did not report 
the absolute amounts of reporter protein produced 
following the direct injection of plasmid DNA into 
intact myocardium. 

Recombinant vectors based on adenovirus serotype 5 
(Ad5) represent an altemath^e means of introducing 
genes into the cardiovascular system.^ Reporter gene 
expression following direct introduction of plasmid 
DNA has been demonstrated in skeletal muscle,' car- 
diac muscle,^-* and even the vascular wall*<*; however, 
this method fails to produce significant levels of recom- 
binant protein in most other tissues.* In contrast, Ad5- 
mediated gene transfer has been demonstrated in a 
wide variety of tissues following direct in vivo adminis- 
tration."-** Furthermore, although Acsadi et al* re- 
ported that plasmid DNA directs the e;q)ression of 
recombinant protein for a limited time (<25 days) in a 
limited number of cardiomyocytes (^lOO), replication- 
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deficient Ad5 vectors have been reported to mediate 
widespread and long-term gene transfer." 

The molecular mechanisms by which Ad5 vectors 
accomplish endocytosis, endosomal disruption, and nu- 
clear entryi7 make them very effident at accomplishing 
gene transfer and thus attractive vectors for delivering 
somatic cell gene therapy to intervene in human disease 
states. Protocols using replication-deficient Ad5 vectors 
have received approval from the Recombinant DNA 
Advisory board for limited investigational use in pa- 
tients with cystic fibrosis,*^ aiid Ad5 vectors that direct 
the expression of the low-density lipoprotein (LDL) 
receptor have been shown to temporarily accelerate 
cholesterol clearance in healthy mice.** The potential 
advantages of Ad5 vectors versus plasmid DNA make 
the former approach attractive^; however, a number of 
important parameters must be characterized before 
recombinant Ad5 can be considered a reliable vector for 
gene therapy, including the magnitude and duration of 
recombinant gene expression, the identity of the tar- 
geted host cells, the distribution of transfected cells, and 
the response of the host to Ad5 -mediated gene transfer. 

Stratford-Perricaudet et al" first demonstrated direct 
gene transfer into intact myocardium by Ad5 vectors 
following the intravenous injection of mice. They re- 
ported that Ad5 -mediated gene transfer into the hearts 
of adult mice was relatively inefficient when compared 
with neonatal mice, but a quantitative comparison was 
not provided. This may in part be due to the fact that 
most studies using Ad5 vectors to deliver genes to the 
intact myocardium"*^^-'' have used a histochemical as- 
say for p-galactosidase,2<» which identifies infected cells 
by a distinctive blue stain. The histochemical assay 
provides an efficient means of identifying cells that 
express the lacZ reporter gene; however, it does not 
provide a quantitative assessment of recombinant gene 
expression, nor does it provide an accurate estimate of 
the percentage of cells transfected in the entire organ 
(unless it includes an exhaustive quantitative analysis of 
serial sections). A number of spectrophotometric and 
chemiluminescent assays have been used to measure 
^-galactosidase activity in tissue ejrtracts; however, 
these assays cannot distinguish between the recombi- . 
nant ^-galactosidase and the endogenous ^-galacto- 
sidase activity, which is elevated in response to injury .^^ 
In this regard, a recent study of )3-galactosidase activity 
following direct injection of Ad5 vectors into the rat 
heart has reported discrepancies between the histo- 
cheniical and quantitative results, and it was concluded 
that the quantitative assay for ^^galactosidase is rela- 
tively insensitive for assessing gene transfer,** 

In summary, previous studies have demonstrated that 
direct in vivo gene transfer into ventricular cardiomyo- 
cytes is possible using plasmid DNA or Ad5 vectors; 
however, these studies have not reliably measured the 
amount of recombinant protein produced, so it has not 
been possible to make accurate, quantitative compari- 
sons between the ef^ciencies of plasmid- and Ad5- 
mediated gene transfer. Such quantitative information 
is of critical importance in assessing the potential of 
these ^tems to deliver gene therapy. Furthermore, the 
previous studies of AdS ^mediated gene transfer to the 
myocardium were performed in species such as mice," 
rabbits,'' or rats,'* in which cardiovascular physiology 
differs from human physiology in many important re- 



spects and accurate assessment of in vivo cardiac func- 
tion is problematic. If manipulations of cardiac pheno- 
type via Ad5 vectors are to be correlated with 
sophisticated physiological measurements, a larger ex- 
perimental animal must be used. We chose the porcine 
modeI22 for this purpose because the coronary anatomy 
of swine is similar to that of humans, the vasomotor 
responses of swine are similar to those of humans, 
atherosclerosis can be induced in swine as in humans, 
and the size of the porcine heart facilitates experimental 
manipulations and enables sophisticated measurements 
of regional function and flow. 

To provide accurate quantitative data on the levels of 
recombinant gene expression resulting from the direct 
injection of recombinant Ad5 vectors into intact myo- 
cardium, we constructed a replication-deficient adeno- 
virus carrying the luciferase reporter gene. The advan- 
tages of the luciferase reporter system include the 
extreme sensitivity of the luminometric assays and the 
total absence of background activity in any manmialian 
tissue. Using this recombinant adenovirus, we assessed 
the potential of Ad5 vectors to mediate gene transfer 
after direct injection into the right and left ventricles of 
living swine. In addition, we determined the duration of 
Ad5 -mediated gene expression and the efficiency of 
Ad5 vectors relative to the plasmid-based approach of 
direct DNA injection. A second Ad5 vector directing 
the expression of Escherichia coli )3-galactosidase was 
used to characterize the identity and distribution of 
Ad5 -infected cells after direct intramyocardial injec- 
tion. Finally, inununohistochemical studies were per- 
formed to characterize the inflammatory response ob- 
served after intramyocardial injection of Ad5 vectors. 

Methods 

Recombinant Vectors 

The replication-deficient adenovirus in which the Rous 
sarcoma virus long tenninal repeat promotes the transcription 
of the luciferase reporter gene (Ad5/RSV/GL2) was generated 
by the method of McGrory et al^* from the homologous 
recombination of two plasmid components (pJMU and 
pXCnLl/RSV/GL2) following the cotransfection of the 293 
host ceU Iine.25 The resulting virus was repb'cation deficient 
due to the deletion of critical El genes. The recombinant Ad5 
vector can replicate in the 293 cell line because this permissive 
host contains an integrated copy of the viral £1 genes. The 
/3-galactosidase reporter vinis (Ad5/HCMV/LacZ) was gener- 
ously provided by FJL Graham and A Bett (McMaster 
University, Ontario, Canada). In this replication-deficient Ad5 
derivative, the human qtomegalovirus IE promoter tran- 
scribes the £: coU lacZ reporter gene.^* The Ad5/RSV/GL2 
and AdS/UCMV/LacZ viruses were plaque-purified and pn^ 
agated in 293 cells according to published protocols.^ A cell 
lysate preparation of Ad5/RSV/GL2 with a plaque ass^ titer 
of 2x10^ was used to perform the experiments summarized in 
Figs 1 and 2 and as indicated in Fig 3, while doubly cesium 
chloride-banded preparations of Ad5/RSV/GL2 and Ad5/ 
HCMV/LacZ with plaque assay titers of 1 to 4 x lO*** were used 
for the balance of the experiments. The plasmid pRSVL, 
kindly provided by S. Subramani,^ carries the long terminal 
repeat of the Rous sarcoma virus, the firefly luciferase cDNA, 
the SV40 small-t intron, and the SV40 polyadenylation signal. 

This study was performed in accordance with the guidelines 
of the Animal Protocol Review Committee of the Baylor 
College of Medicine and with the "Guide for the Care and Use 
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of Laboratory Animals" (Department of Health and Human 
Services, publication no. (NIH] 86-23). Male domestic swine 
weighing 283 ±1.6 kg were premedicated with acepromazine 
maleate (1 mg/kg IM) and atropine (0.02 mg/kg IM). Seven 
pigs were used for injection of gene transfer reagent and three 
pigs served as controls. Anesthesia was induced with metho- 
hexital sodium (4 to 8 mg/kg) and maintained via ventilation 
with 0.5% to 1.0% methoxyflurane. With sterile technique, a 
thoracotomy was performed in the left fifth intercostal space^ 
the pericardium was opened, and the heart was lifted slightly 
with gauze to fadlitate injection. A 4x4-cm rectangular grid 
was mapped onto the left ventricle, and injections were 
performed near intersecting lines to avoid epicardial vessels 
while maintaining a 1-cm distance between injection sites. All 
intramyocardial injections were 100 /nL in volume and were 
performed with l-mL syringes and 27-gauge needles. Injec- 
tions into the left ventricular wall were made perpendicular to 
the surface of the heart with needles that were fitted with 
insertion guards to ensure a consistent injection depth of 4 
mm. The thinner right ventricular wall was injected at an 
oblique angle and at a depth of 1 to 2 mm to prevent the 
needle from penetrating into the ventricular cavity. The loca- 
tion of each uijection site was marked with a suture onto which 
a miniature plastic placard was secured. In three of the 
experimental pigs, two Doppler ultrasonic crystals^^ were 
sutured to the epicardial surface to identify specific Ad5/RS V/ 
GL2 injection sites and to assess regional myocardial function 
as systolic thickening fraction. Two Doppler probes were 
sutured onto corresponding regions of the myocardium in each 
of three control swine that did not receive intramyocardial 
injections. 

The histochemical studies involving the Ad5 vector carrying 
the lacZ reporter gene (Ad[5/HCMV/LacZ) were designed to 
evaluate the distribution of gene transfer that resulted from 
injecting high doses of virus in close proximity to one another. 
Accordingly, a 5 -cm-long monofilament template was secured 
onto the epicardium of the anterolateral wall of the left 
ventricle parallel to the atrioventricular groove using sutures 
to demarcate the middle and two ends. Ten injections, each 
containing 1.4x10' plaque-forming units (pfu) in a 100-/tL 
volume, were made at 23 -nun intervals along the anterior half 
of this Imear template, while a second set of 10 injections were 
made at 2.5 -mm intervals along the lateral half using vehicle 
alone (100-^ volumes of Ix phosphate-buflFered saline 
[PBS], 1% sucrose). After the direct injection of gene transfer 
reagent and vehicle control, a small plastic tube was placed in 
the thorax to evacuate air and fluid after surgery, and a TVgon 
catheter was introduced into the femoral artery to record 
arterial pressure. The incision was closed in layers, and each 
animal was observed carefully during recovery. Three to 21 
days after surgery, the animals were anesthetized with pento- 
barbital sodium (35 mg/kg IV) and killed with a bolus of KQ 
for analysis of reporter gene activity. 

Lasdferase Assay 

The heart of each animal was removed and placed in 
ice-cold PBS. The left ventricular cavity was opened, and the 
left ventricular wall was separated from the right ventricle, the 
atria, and the large vessels. Each injection site was identified 
by its sutured placard (or ultrasonic I>oppler probe). A brass 
cork-borer 1 cm in diameter (Fisher Scientific Co) was then 
used to remove a transmural cylindrical core of myocardium 
whose axis was defined by the needle injection path and whose 
center corresponded to the labeled injection site. Pilot studies 
had established that nearly all of the luciferase activity was 
located within a radius of 3 mm fix)m the needle tracl^ and 
^sentially no activity could be detected >5 mm from the 
needle track. Each sample was temporarily stored us ice-cold 
PBS until mincing for hompgenlzation in lysis buffer (25 
nunol/L Tris-phosphate, pH 7.8, 2 nunol/L dithiothreitol, 2 
mmol/L EDTA, 10% glycerol, and 1% Triton X-100). Ho- 



mogenates were centrifuged at 300Qf for 10 minutes, and the 
resulting supematarits were further clarified by means of a 
second centrifugation at 1200^ for 5 minutes. Duplicate 
enzymatic assays for luciferase activity^^ were performed with 
20 -/iL samples of cleared supernatant using a Monolight 2010 
luminometer (Analytical Luminescence Laboratory). A 
100 -/aL ahquot of assay reagent (20 nunol/L Tricine, pH 7.8, 
1.07 mmol/L (MgC03)4Mg(OH)2 - 5HA 2-67 nunol/L MgS04, 
. 0.1 mmol/L EDTA, 333 nunol/L dithiothreitol, 270 ;unol/L 
coenzyme A, 470 /imol/L D-ludferin, and 530 fjtmol/L ATP] was 
added to each 20-/tL sample, and light production over a period 
of 30 seconds was measured using the microprocessor-con- 
trolled photon counter. Background values from samples in- 
jected with the PBS vehicle (equivalent to background from lysis 
reagent) were subtracted and relative light units were converted 
to mass units (pg) using cah1>ration curves generated from 
parallel reactions performed with certified luciferase control 
standard (Analytical Luminescence Laboratory). Values are 
reported as the total mass of active luciferase recovered from 
each injection site. 

Histocbemica! Assay for ^Galactosidase 

The histochemical assays for /?-galactosidase were per- 
formed 7 days after the direct injection of Ad5/HCMV/LacZ 
into the lieft ventricle. Gross histological examination was 
performed after sectioning the heart transversely along the 
length of the linear monofilament template used for injections. 
A second, parallel transverse section was made basal to the 
first to obtain a 5-mm-thick slice that included the left 
ventricle as well as the septum and right ventricle. This slice 
was fixed at 4*'C for 16 hours in a solution of Ix PBS, 1.25% 
glutaraldehyde, 0.01% sodium deoxycholate, and 0.02% Noni- 
det P-40 before it was rinsed in PBS and stained for 35 hours 
at 24**C in a buffered solution of the X-gal chromagen [100 
mmol/L sodium phosphate, pH 7 J, 1.3 nunol/L MgQ2, 3 
mmol/L K3Fe(CN)6, 3 mmol/L K^¥c{CH)6, 0.01% sodium 
deoxycholate, 0.02% Nonidet P-40, and 1 mg/mL 5-bromo-4- 
chloro-3-indolyl-^D-galactopyranoside (X-gal)] as described 
by MacGregor et al.^o Prolonged incubation (>8 hours) pro- 
duced a diffuse background of dark blue that was clearly 
artifactual 

The myocardial tissue on the distal surface of the section 
made along the longitudinal line defined by the injection 
template was processed for histochemical and inununohisto- 
chemical analysis. Fresh samples were suspended in tissue- 
freezing medium and snap-frozen in a bath of isopentane 
cooled by liquid nitrogen. Cryostat sections (4 fim thick) were 
collected on Probe-On Plus slides (Fisher Scientific Co) and 
fixed with 125% glutaraldehyde for 10 minutes at A^C The 
tissue sections were rinsed and incubated for 35 hours at 24*X^ 
in a buffered solution of the X-gai chromagen as described 
above. After color development, the sections were rinsed again 
in PBS and subjected to immimohistochemistry as described 
below or counterstained with nuclear fast red before mounting 
for photomicroscq>y. 

lEniEQiiBiiioItins(U>cI[iieii[iflstbiy 

Inununohistocbemistry was performed using monoclonal ' 
antibodies directed against porcine CDS (PT36B) and CD44 
(BAT31A) (kind gifts of W.C. Davis, Washington State Uni- 
versity, Pullman, Wash). On completion of the X-gal staining 
procedure described above, the sections were rinsed in PBS, 
treated with norma] horse serum, and incubated overnight at 
24**C with primary antibody (1 ;tg/mL). The sections were then 
incubated with an alkaline phosphatase-conjugated secondary 
antibody raised against mouse IgG (Biogenex Laboratories). 
Levamisol (20 fdJmL) was included with the secondary anti- 
body to inhibit endogenous alkaline phosphatase activity. The 
chromagen, nitro-bhie tetrazolium (Sigma Chemical) was de- 
posited at antigenic sites to yield a deep purple reaction 
product before courtterstaming with nuclear fast red. 
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Systolic Thickening Fraction 



1 d After 
Surgery 



7 d After 
Surgery 



Ad5-injected hearts 


Site 


1 


22.1+7.1 


24.1 ±4.6 




Site 


2 


25.d±0.9 


23,5±3.2 


Control hearts 


Site 


1 


22.6±4.0 


24.4±5.8 




Site 


2 


26.5±1.4 


20.2±1.9 



In each of the six swine, two miniature Doppler ultrasonic 
crystals were sutured onto the anterior and anterolateral sur- 
faces (she 1 and site 2, respectively} of the heart to assess 
regional myocardial function as systolic thickening fraction. The 
two sites of Doppler probe placement in each of the three 
experimental (Ad5-injected) hearts corresponded to sites of 
intramyocardial injection of Ad5/RSV/Gl.2 at doses of 0.7x10' 
and 7.0x10' pfu, respectively, whereas the three control hearts 
did not undergo injection. Values are mean±SEM, n=3 for 
Ad5-injected hearts, and n=3 for control hearts. 

Quantiiitatiye Image AnaSysits 

After X^gal histochemistry, slides were reviewed using com- 
puter-assisted image analysis to objectively zsstss the fre- 
quency and distribution of cardiac myocytes expressing /5-ga- 
lactosidase. A color videocamera attached to an Olympus 
VANOX microscope ported images to a 24 -bit true color 
frame grabber. The captured images were then relayed to the 
Optimas imaging system for analysis. Microscopic magnifica- 
tion was set at 134 X to display a total myocardial area of 0.03 
mm^ on the video monitor for analysis. Briefly, the field 
exhibiting the greatest staining intensity was chosen using area 
gray scale value as the determinant. This field was designated 
as the origin from which four radii were examined at 45*, 135°, 
225% and 315" relative to the displayed video image. In 
addition to the central 0.03 -mm^ field, nine contiguous fields 
were sampled aJong each radius to a distance of 2375 mm 
from the onginy each field being defined by calibrated field 
dimensions of 0.195x0.152 nmi. The percentage of ^galacto- 
sidase-positive cardiomyocytes per field was then calculated 
from the total numbers of blue-stained (positive) and un- 
stained (negative) cardiomyocytes in each field 

SttatisticaD Analysis 

All values are reported as mean±SEM. Measurements of 
luciferase activity were analyzed by nonparametric methods 
(Kruskal-Wallis test and Wilcoxon signed rank test) because 
the data did not follow a normal distribution.^^ 

Eilfect olT Ad5 Iiyecttioxi on MegionaQ 
Myocasrdl&al FimmctiioiB 

To assess the impact of Ad5 injection on regional 
myocardial function, pulsed Doppler probes were su- 
tured onto sites of Ad5/RSV/GL2 injection in three of 
the experimental swine, and systolic thickening fraction 
was measured as previously describcd.^*^ The values of 
thickening fraction at serial times after injection were 
compared with those obtained from three control swine 
that underwent a left thoracotomy and Doppler probe 
implantation but were not subject to intramyocardial 
injection. SystoUc thickening fraction was found to be 
similar in the two groups at all time points (Table). Thus, 
the trauma associated with intramyocardial injection of 
adenovirus, the egression of foreign genes, and the 
inomunological response of the host did not have a 
measurable effect on regional myocardial function as 
assessed by this method. Furthermore, there were no 




Fig 1 . Bar graph of time course of Ad5-mediated gene express 
sion after direct injection into porcine myocardium. A IOO-/1L 
volume of phosphate-buffered saline containing 7x10^ pfu of a 
recombinant adenoviais carrying the luciferase reporter gene 
(Ad5/RSV/GL2) was injected into the left ventricular wall of 
open-chested pigs. The animals were killed while under deep 
artesthesia 3, 7, 14, and 21 days after the procedure, and 
transmural samples encompassing the injection sites were ho- 
mogenized for detemiination of luciferase activity. Each column 
represents the mean anrwunt of luciferase recovered from € to 1 0 
injection sites as indicated by n on the bottom row. Values are 
mean±SEI\A. 

appreciable differences between the two groups with 
respect to heart rate or arterial pressure (data not 
shown). 

Time Course of AdS -Mediated Gene Expression 
Affiter Direct Injection 

To determine the magnitude and duration of Ad5- 
mediated gene expression, the swine were euthanized at 
3, 7, 14, and 21 days after Ad5 injection for luciferase 
assay. Fig 1 illustrates the time course of luciferase 
expression following the injection of 7x10^ pfu of 
Ad5/RSV/GL2 into the left ventrictiiar wall. Luciferase 
activity was detectable as early as 3 days after injection 
but increased markedly at 7 days and then declined 
progressively at 14 and 21 days. Statistical analysis 
(nonparametric one-way ANOVA with the Kruskal- 
Wallis test) demonstrated that there was a significant 
(P=,018) increase in luciferase activity between 3 and 7 
days. As maximal activity was obtained at 7 days, this 
time point was chosen for the experiments summarized 
below. 

Dose-Response RelatioE Usmg ai CelS 
Lysate Firepairatiion 

To characterize the relation between the amount of 
virus injected and the amount of recombinant protein 
produced, increasing doses of Ad5/RSV/GL2 (from 
0.7x10^ to 1.8x10^ pfii) were injected into the left 
ventricular wall and luciferase activity was measured 7 
days later* As shown in Fig 2, as littie as 0.7x10^ pfu 
produced detectable amounts of luciferase (1.1±0.7 
pg). With increasing amounts of Ad5 virus, the produc- 
tion of luciferase increased in a dose-dependent man- . 
ner, reaching 120±47 pg at a dose of 1.8x10^ pfu; 

Compadson of Ad5 With Plasmid DNA 

The eflSciency of Ad5- versus plasmid-mediated gene 
transfer was compared using a reporter plasmid 
(pRSVL),27 which carries a luciferase egression cas- 
sette analogous to the one in Ad5/RSV/GL2. Using 
identical injection volumes of 100 ftL and the same PBS 
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ai»AiB(LV) a4iM5(LV) U)dlAd5(LV) aSxM5(LV) pRSV^LV) ljaiA«{RV) - 
0-4 0-4 n-tO fi-5 n-4 n-4 

Fig 2. Bar graph of dose-response relation for Ad5/RSV/GL2, 
comparison with plasmid DNA» and comparison with right ven- 
tricular injection. The effect of varying the administered dose of 
virus was investigated by injecting Into the left ventricle (LV) 
100-/xL volumes of phosphate-buffered saline (PBS) containing 
0.7x10' pfu (0.1 X Ad5). 2.8x10' pfu (0,4x Ad5). 7x10' pfu 
(I.Ox Ad5)» and 1.8x10^ pfu (2.5x Ad5) of Ad5/RSV/GL2 and 
detennining the amount of lucrferase produced at each injection 
site after 7 days, Injections containing 2{K) ;tg of a plasmid DNA 
bearing an analogous expression cassette (pf^SVL) In 100 /iL of 
PBS were n^ade Into the tefl ventricle, and ludferase production 
was measured after 7 days. To detennine whether the efficiency 
of Ad5-mediated gene transfer was constant in the left and right 
ventricles, 7x 1 0' pfu of Ad5/RSV/GL2 in 1 0O-/1L volumes of PBS 
were injected into the right ventricle (RV), and luciferase produc- 
tion was determined after 7 days. Each column represents the 
meein amount of luciferase recovered from 4 to 10 injection sites 
as indicated by n on the bottom row. Values are mean±SEM. 

vehicle used to deliver the Ad5 reporter virus, 200-/i.g 
quantities of pRSVL DNA were directly injected into 
the left ventricular wall. This quantity of plasmid DNA 
was chosen because it had previously been shown to 
yield maximal reporter gene expression following direct 
left ventricular injection in dogs.* As shown in Fig 2, the 
mean luciferase activity produced by the luciferase 
reporter DNA was similar to that producecf by 1.8x10* 
pftL of the luciferase reporter virus. 

AdS -Mediated Geme Espressiioiu in the Mghi 
Ventrioilar Wall 

It is unknown whether Ad5 vectors can be used to 
transfer genes into the right ventricle and how their 
efficiency in this location compares to that in the left 
ventricle. Because of the small heart size, elucidation of 
this issue in rodents would be difficult. Accordingly, 
7x10' pfu of Ad5/RSV/GL2 were injected into the right 
ventricular wall and luciferase activity was measured 7 
days later. As depicted in Fig 2, the amount of luciferase 
produced was comparable to that measured following 
similar injections into various regions of the left ventri- 
cle. Thus, the Ad5 reporter virus appears to be equally 
efficient in gene transfer to the right and left ventricles. 

Higb-ILevel Expressions Usitiiig a 
PnnriiBed Prepajrataom , 

The highest dose of recombinant Ad5 presented in 
Fig 2 approaches the maximum that is possible using a 
cell lysate preparation; however, step and density gra- 
dient centrifiigation procedures can be used to further 
concentrate and purify Ad5 by several orders of magni- 
tude. To achieve higher levels of expression, a cell lysate 
preparation of Ad5/RSV/GI-2 was subjected to two 
rounds of CsQ centrifugation and dialyzed against ix . 
PBS, 1% sucrose to produce a working stock with a 




2^A(S(LV) 10xAie<LV} SOxAcSO-V) 
«-5 11-4 0.5 



Fig 3. Bar graph of luciferase production from concentrated 
Ad5/RSV/GL2. To pnxluce higher levels of luciferase, a cell- 
lysate preparation of Ad5/RSV/GL2 was purified by two rounds of 
CsCI centrifugation and dialyzed against 1 x phosphate-buffered 
saline (PBS), 1% sucrose to yield a purified preparation with a 
concentration of 4x10^° pfu/mL Dilutions of this preparation 
were made in vehicle (1 x PBS, 1% sucrose) to contain either 
7x10^ (10x Ad5) or 3.6x10^ pfu (50x Ad5) in each of the 
100-;iL volumes injected into the left ventricle, the resulting 
levels of luciferase are compared with the level resulting from the 
highest dose of cell lysate preparation tested in Fig 2 (2.5 x Ad5). 
Each column represents the mean amount of luciferase recov- 
ered from four or five injection sites as Indicated by n below the 
relevant column. Values are mean±SEM. 

concentration of 4x10*^ pfu as determined by plaque 
assay. Fig 3 compares the results of direct myocardial 
injections using dilutions of this concentrated prepara- 
tion with the highest dose of cell lysate preparation, 
which was presented in Fig 2. The increased input of 
Ad5/RSV/GL2 produced higher levels of luciferase, ^d 
the absence of a plateau in the dose-response relation 
suggests that the kinetics of viral infection and gene 
expression were not saturated even at the highest dose 
of recombinant Ad5 examined. 

. Distribiatt&Offl - of G^m Expression 

To determine the identity of the cells targeted by Ad5 
vectors and to characterize their distribution in the 
myocardium, histochenuca] analyses were performed on 
tissue samples obtained 7. days after intramyocardial 
injection with GsQ-purified preparations of a replica- 
tion-deficient Ad5 vector carrying the E, coU lacZ 
reporter gene (Ad5/HCMV/LflcZ). The /3-galactosidase 
produced from this vector was detected in gross tissue 
and cryostat sections by histbchemical staining with a 
chromagenic substrate (X-gal) that yields an insoluble 
indigo reaction product in the presence of enzyme. Fig 
4B depicts a porcine heart that was sectioned trans- 
versely along a 2.5-cm line of 10 (100-/iL) injections, 
each delivering 1.4x10' pfu of Ad5/HCMV/LacZ A 
2^-cm line of negative control injections consisting of 
vehicle alone (Ix PBS, 1% sucrose) was also included 
in this section on 'the lateral wall of the left ventricle. 
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FiQ 4, Photomicrographs of distribution of AdS-mediated gene transfer as detenmined l>y histochemical assay for ^alactosidase 
activity. A recombinant adenovims carrying the tad reporter gene (Ad5/HCMV/LacZ, kindly provided by A. Bett and F.L Graham) was 
purified to a concentration of 1 .4 x 1 0^** pfu/mL and used to make 1 0 direct injections along the anterior vrall of the left ventricle. A linear 
monofilament template 5 cm long was sutured onto the left ventricular epicardium In a plane parallel to the atrioventricular groove, 
beginning at the level of the left anterior descending arteiy and ending on the obtuse margin. A series of 1 0 injections, each containing 
1 .4 X 1 0». pfu of reporter virus, was made along the 2.5-cm anterior half of this template at 2.5-mm intends, while a series of 1 0 injections 
of vehicle (1 x pho^hate-buffered saline [PBS], 1% sucrose) was made along the lateral half. Seven days after direct Injection, the 
animal vras killed, and the heart was sectioned transversely along the line defined by the injection template. B and C, Proximal surface 
of this indston; D through F, distal surface of tiie Incision. A second section was made parallel and 5 mm proxirrial to ttie first to generate 
tfie slice Olustrated in A ttirough C. This slice was fixed in 1 x PBS. 1.25% glutaraldehyde, 0.01% sodium deoxycholate. and 0.02% 
Nonidet P-40 for 16 hours, rinsed in PBS, and then stained for 3.5 hours in a solution of X-gal substrate. A demonstrates ttiat no gross 
evidence of ^-galactosidase activity could be found on tiie proximal aspect of tiie slice (5 mm proximal to tiie line of injections). In 
contrast, B shows tiiat considerable activity was evident along the 2.5-cm line of Ad5 injections in the anterior wall of the left ventricle 
(between ttie an-owheads at left and center). The total lack of blue staining along tiie 2.5-cm fine of negative control injections in tiie 
lateral waD (between tiie anowheads at center and right) demonstrates tfie specificity of the histochemical assay. Prolonged staining (>8 
hours) resulted in a diffuse dari<ening of the entire sample, which obscured tiie true positive signal (not shown). As illustrated in C. dose 
examination of the positive region after 3.5 hours of incubation revealed irregularities in the distribution of tiie blue stain. D ttirough F, 
Photomterographs of frozen sections obtained from the distal surface of ttie indsksn made along tiie injection template. The low-power 
(5x) magnification In D shows that the )5-galaclosldase-positive (blue) cells were grouped in kx)se dusters sunounding areas of 
pronounced cellular infiltrate (Indicated by asterisks). The bracketed regton in D is enlarged to a 20x original magnification in E to show 
the border between the cellular infiltrate and the Ad5-lnfected cardtomyocytes. The twacketed region In E is enlarged to an 80x original 
magnification in F to reveal ttie morphology of ttie positively stained cardiomyocytes and ttieir association witti ttie cellular infiltrate. 
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immediately adjacent to the viral injections. After fixa- 
tion and incubation with the X-gal chromagen, an area 
of intense blue staining (approximately 2.5 cm long and 
0.7 cm wide). No evidence of X-gal staining was found 
in the adjacent 2.5 -cm-long segment of left ventricle 
that was injected with vehicle alone. A second, parallel 
section was made 5 mm basal to the first to generate the 
gross specimen. Fig 4A demonstrates that there was no 
evidence of staining on the basal aspect of the slice, at a 
distance of 5 mm from the series of 10 viral injections. 
Transverse sections made after photography revealed 
that the gross positive staining shown in Fig 4B was 
quite superficial, extending no more than five cell layers 
in depth. However, subsequent X-gal staining and mi- 
croscopic analysis of these transverse sections demon- 
strated that a few positive cardiomyocytes could be 
found up to 5 mm away from the line of viral injections 
(data not shown). This indicates that many ^-galacto- 
sidase-^)Ositive cells in the deeper layers of the gross 
specimen failed to stain blue on the initial immersion in 
X-gal, presumably due to limited penetration by the 
chromagenic substrate. 

Although macroscopic examination (Fig 4B and 4C) 
suggested the presence of extensive regions of high^ 
frequency gene transfer, the photomicroscopy in Fig 4D 
(5x original magnification) demonstrates that positive 
(blue) cells were actually grouped in loose clusters 
adjacent to the site of injection. Tlie bracketed region in 
Fig 4D is enlarged in Fig 4E (20 x original magnifica- 
tion) to illustrate that positive cardiomyocytes were 
associated with regions of increased ceUularity. The 
dense cluster of positive ceUs in Fig 4E is enlarged in Fig 
4F (80 X original magnification) to illustrate the mor- 
phological features of the recombinant cardiomyocytes 
and tihe cellular infiltrate. Careful analysis at high 
magnification revealed that nearly all (>95%) of the 
clearly definable cells that stained positive with X-gal 
also contained the striations characteristic of cardiomyo- 
cytes. When /3-gaiactosidase-positive clusters were ex- 
amined in high-power fields containing 60 to 70 cardio- 
myocytes, up to 75% of the cardiomyocytes showed 
evidence of the blue stain. However, the computer- 
assisted image analysis summarized in Fig 5 revealed 
that the percentage of blue cardiomyocytes was found to 
decrease markedly as a function of distance from the 
most positive microscopic field. 

Immunohistochemical Characterization of 
Leukocytic Infiltrate 

Analysis of the histochemical sections presented in 
Fig 4 revealed that the cardiomyocytes that stained blue 
in the X-gal assay for /3-galactosidase activity were often 
associated with infiltrating populations of small, spher- 
ical cells containing prominent nuclei. Furthermore, 
cell-mediated cytolysis was suggested by the observation 
that the blue cardiomyocytes surrounded by infiltrating 
cells often exhibited features of cellular deterioration. 
To further characterize this phenomenon, cryosections 
that had undergone the X-gal staining procedure were 
additionally subjected to immunohistochemistry using 
monoclonal antibodies developed against porcine CD44 
and CDS. An immimohistochemical technique using 
£dkaline phosphatase as the reporter system was used to 
label antigenic sites with nitro-blue tetrazoUum to yield 
a deep piuple reaction product. Tissue sections in Fig 
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FtQ 5. Plot of quantitative image anatysis of j9-galactosidase 
distribution. Ck)mputer-assisted quantitative image analysis was 
perfbmied on a representative X-gal-stalned frozen section from 
the injected region of myocardium as descrit>ed In **MetfK)ds." 
The percentage of cardiomyocytes staining blue in the X-gal 
assay for /^alactosidase activity was determined in nine con- 
secutive fields along four lines originating from a highly positive, 
rectangular field witfi dimensions of 0.152x0.195 mm. The mean 
percentages of )9-galactosidase Q^aQ-positive cardiomyocytes 
are plotted on the y axis witti error bars indicating SEM. The 
distance from ttie center of tfie highly positive field to the aK)st 
distal point examined in each 0.152x0.195-mm field is plotted 
on tifie X axis. 

6A through 6C were stained by X-gal and the CD44 
antibody, and sections in Fig 6D through 6F were 
stained with X-gal and the CDS antibody. Fig 6A 
demonstrates that the injection of vehicle alone resulted 
in a small, well-defined region of leukocytic infiltration 
(indicated by the CD44 antigenic sites labeled deep 
purple). ITie presence of the CD44 antigen (lymphocyte 
homing receptor) on the membranes of the infiltrating 
cells is consistent with a normal healing response to 
intramyocardial injection (20x). Fig 6D depicts a simi- 
lar vehicle-injected region in which few T cells were 
detected by immunohistochemistry using the monoclo- 
nal antibody developed against CDS (20x). Fig 6B 
demonstrates that the mjection of Ad5/HCMV7LacZ 
induced a far more prominent inflammatory response 
that was centered on the Ad5 -infected cardiomyocytes 
identified by the X-gal stain (20x). Fig 6£ shows a 
similar site of Ad5/HCMV/LacZ injection incununos- 
tained with the CDS antibody (20x). The injection of 
AdS clearly stimulated myocardial infiltration by the 
small, spherical CDS-positive cells. The bracketed re- 
gion in Fig 6B is enlarged in Fig 6C (SOx) to illustrate 
several examples in which CD44-positive cells were 
associated with the cytolysis of infected cardiomyocytes. 
Arrowheads indicate blue-stained cardiomyocytes in 
advanced states of cytolysis. The bracketed region in Fig 
6E is enlarged in Fig 6F (SOx) to illustrate that mem- 
bers of the CDS-positive population were less intimately 
involved in the lytic process. 

Discussion 

The salient findiags of this study can be summarized 
as follows. (1) Replication-deficient AdS vectors are 
capable of mediating recombinant gene expression after 
direct injection in^o adult porcine myocardium. (2) Tlie 
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Fk3 6. Photomicrographs of immunohlstochefnical assessment of leukocytic infiltration. X-gal-stalned frozen sections from the distal 
surface of the indslon made along the series of negalivo control injections (A and D) or along the series of Ad5/HCMV/lacZ injections 
(B, C, E, and F) were additionally subjected to immunohistociiemisiy using monodonal antibodies developed against porcine CD44 (A. 
B, and C) or CD8 (D. E, and F). A (20x original magnification) shows that modest populatioris of CD44-positive leukocytes (labeled deep 
purple by nitro-blue tetrazolium) could be found at sites of vehicle lnjectk>n. B (20x) shows that penetratk)n of the myocardial regbn 
by the CD44-positive leukocytes was signiftoantiy increased when the 1 0O^/iL Injectk^n contained 1 .4 x 1 0^ pfu of recombinant Ad5. The 
bradceted region In B is enlarged to 80x in C to demonstrate that the CD44 leukocytes are associated with the degrada!k}n of 
AdS-lnfected (blue) cardlomyocytes. Arrowheads indteate examples of cardk>myocytes in advanced states of cytolysis. D (20x) shows 
that few CD8-posit}ve T cells (labeled deep purple by nitro-blue tetrazoRum) could be found at sites of vehicle injection. E (20 x) shows 
that the population of these small, spherical cells was markedly increased when the injection delivered recombinant Ad5. The arrowhead 
in F (80 X) indteates a representative CD8-positlve T cell. Although T cells could be found near the Ad5-infected cardiomyocytes. they 
were less Intimately associated, with the degradation of these cells than the CD44-positive leukocytes (compare with C). 



impact of this procedure on regional cardiac function 
appears to be negligible. (3) Luciferase expression 
peaks around 7 days and persists for at least 3 weeks. (4) 
The amount of recombinant protein increases with the 
amount of virus, with no evidence for a plateau, as the 
viral dose is increased —SOO-foId firom 0.7x10^ to 
3.6x10' pfu, (5) On a molar basis, the Ad5 vector is 



140 000 times more eflScient than plasmid DNA in 
mediating gene transfer. (6) The expression of recom- 
binant genes following intramyocardial injection of Ad5 
is similar in the left and right ventricles. (7) Such 
expression specifically involves cardiomyocytes. (8) The 
percentage of cardiomyocytes expressing /3-galacto- 
sidase can be high in microscopic regions adjacent to the 
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injection site (up to 75% in fields of 60 to 70 cells). (9) 
Essentially no lucifcrase activity (and very few p-gdlac- 
tosidase-positive cells) can be detected farther than 5 
mm from the injection site. (10) And the recombinant 
Ad5 virus carrying the jS-galactosidase reporter gene 
induces a prominent inflammatory response. Previous 
studies have shown that gene transfer into the heart can 
be achieved with intramyocardial injection of plasmid 
DNA in rats^-^ or dogs.* The myocardium has also been 
targeted with the iiitravenous injection of Ad5 vectors in 
mice," with transcatheter infusion of Ad5 vectors into 
the coronary ostia of rabbits,*' and with direct injection 
of Ad5 vectors in rat hearts.** However, to our knowl- 
edge, this is the first study in which Ad5 vectors have 
been used to mediate direct gene transfer into the heart 
of a large mammalian species. 
. The importance of using large animals sudi as swine 
stems from therfect that rodents diflFer substantially from 
humans in many aspects of cardiovascular physiology and 
pathophysiology, induding rate of metabolism, pattern of 
cardiac contractile isoforms,^*'^, and induction of isoform 
switching during development and hypertrophy.^'^ More- 
over, the porcine model makes possible sophisticated 
measurements of cardiac function and flow in longitudinal 
studies at serial time points, which would be extremely 
difficult in rats or mice. Thus, gene transfer into porcine 
hearts may be useful for analyzing the regulation of gene 
expression in a spedes that is more relevant to humans 
than rodents. Furthermore, this approach provides a 
model in which cardiac physiology can be accurately 
monitored over extended periods of time. 

The results of the measurements of wall thickening 
(Table) indicate that as many as 16 separate low-dose 
injections of the lucif erase reporter virus did not ad- 
versely impact regional myocardial function. This sug- 
gests that the porcine heart can be used for multiple 
low-dose intramyocardial injections of recombinant Ad5 
without significantly interfering with cardiac contractil- 
ity. A limitation of these data, however, is that ultra- 
sonic crystals were not used in the experiments in which 
the more concentrated, CsQ-banded preparations of 
recombinant Ad5 were injected and pronounced inflam- 
mation was documented. Furthermore, the relatively 
small regions monitored by the ultrasonic crystals may 
not have corresponded exactly to the sites of Ad5 
injection. Accordingly, the results presented in the 
Table do not formally exclude the possibility that high 
doses of recombinant Ad5 might impair contractility in 
the inmiediate vicinity of the injection site. 

The data presented in Fig 1 indicate that recombinant 
gene e^^ression persisted for at least 21 days, with a peak 
at approximately 7 days after gene transfer. This temporal 
pattern of gene expression is similar to that observed by 
Buttridc et al^ and von Harsdorf et al* following the direct 
injection of plasmid DNA into rat and canine myocar- 
dium, respectively. The concordance of these results is 
consistent with the episomal location of both plasmid and 
adenoviral DNAs in the nuclei of transfected (or infected) 
cells. These extrachromosomal DNAs are subject to sim- 
ilar nuclear processes that might be expected to reduce the 
levels of recombinant gene e;q)ression at later time points. 
However, the immunohistochemistry presented in Fig 6 
strongly suggests that an inflammatory response invohdng 
cell-mediated <ytolysis may play a cntksl role in the 
decline ot Ad5-mediated reporter gene expression that we 



observed starting approximately 7 days after direct injec- 
tion (Fig 1). 

The persistence of expression following direct gene 
transfer into the myocardium has been reported to vary 
considerably .5-^* Neonatal mice injected intravenously 
with a replication-deficient adenovirus maintained sus- 
tained levels of /3-galactosidase in many tissues (includ- 
ing skeletal muscle and heart) for a period of 10 months, 
although similar injections in adult mice resulted in a 
much shorter time course of reporter gene expression." 
A mechanism for the extinction of reporter gene expres- 
sion involving cell-mediated q^olysis could explain this 
apparent discrepancy, since the injection of recombi- 
nant Ad5 into the immunologically naive neonatal mice 
probably induced a state of immune tolerance. The use 
of cyclosporin A or FK-506 to suppress the natural 
inflanmiatory response of adult animals to viral infec- 
tion would therefore be expected to potentiate and 
prolong Ad5-mediated gene expression following direct 
in vivo gene transfer. Nevertheless, it is reasonable to 
expect a gradual decrease in the levels of recombinant 
gene expression from episomal DNAs due to cellular 
mechanisms such as DNA methylation or nuclease 
action. For example, Acsadi et aP have reported that 
luciferase expression resulting from direct injection of 
plasmid DNA into adult rat heart was reduced approx- 
imately 500-fold by 25 days. Therefore, species- or 
age-related variables, the nature of the gene transfer 
system and protein product, immunological interdic- 
tion, as well as factors controlling DNA stability, pro- 
moter utilization, messenger RNA stability, and protein 
degradation may all play important roles in determining 
the duration of recombinant gene expression following 
direct in vivo gene transfer. 

One of the major findings of this study was that the 
infection of cardiomyocytes with high doses of Ad5 was 
assodated with a marked leukocytic infiltration, which 
presumably limited the intensity and duration of recom- 
binant gene expression and caused notable tissue dam- 
age (Fig 6). This inflanmiatGry response is consistent 
with previous studies showing that although the deletion 
of the El genes is adequate to render AdS vectors 
replication defident, it does not completely silence the 
remainder of the viral genome.^^^ It would appear that 
the presentation of expressed viral proteins on the 
surface of infected cells induces an inflammatory re- 
sponse that involves cytotoxic T-Iymphocytes, mono- 
cytes-inacrophages, and/or natural kiUer cells. Similar 
leukocytic infiltrates have been characterized in various 
tissues after Ad5-mediated direct in vivo gene transfer 
in several animal models.^*^ Efforts are presently \m- 
der way to obviate this problem* In particular, recent 
work has demonstrated that additional modifications to 
the adenoviral genome can reduce the immune re- 
sponse, presumably by attenuating viral gene expres- 
sion.3''^ These modifications should result in the pro- 
duction of higher levels of recombinant protein for 
longer periods of time following direct intramyocardial 
injection than was demonstrated here. 

In the present study, similar levels of gene expression 
were obtained in the right arid left ventricles after direct 
injection of the luciferase reporter virus. This contrasts 
with the results of von Harsdorf et al,^ in which direct 
injection of plasmid DNA resulted in approximately 
threefold more reporter protein in the left ventricle 
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than in the right ventricle. It is possible that this 
difference is due to the oblique injection angle used 
here to prevent the needle from penetrating the rela- 
tively thin right ventricular wall. The lack of regional 
differences in the levels of gene expression between the 
left and right ventricles makes the porcine model suit- 
able for comparison of several different viral vectors 
within one animal, thereby eliminating interindividual 
variability. This represents an advantage over studies in 
rodents, in which large numbers of animals are required 
to achieve statistical significance.^^ 

To our knowledge, this is the first study to accurately 
quantitate the production of recombinant protein follow- 
ing either Ad5- or plasnud-mediated direct gene transfer 
to the heart. As demonstrated in Figs 2 and 3, there exists 
a positive relation between the amount of replication- 
deficient Ad5 vector injected and the levels of recombi- 
nant protein produced. The highest concentration of 
virus used in Fig 2 (1.8 xlO^ pfu/mL) approaches the 
maximum that can be obtained from a cell lysate prepa- 
ration, so CsQ centrifugation was used to produce a 
stock of Ad5/RSV/GL2 with a plaque assay titer of 
4xlO***pfii/mL. Experiments using this purified prepara- 
tion demonstrated that a single 100-ftL injection contain- 
ing 3.6x10' pfu of reporter virus produced 61 ±21 ng of 
luciferase. The fact that this high dose resulted in in- 
creased levels of recombinant protein suggests that the 
myocardial capacity for recombinant gene expression 
was not. saturated under the conditions of this study. 
Giveu the very short half-life of luciferase iii mammalian 
cells, it is conceivable that a more stable recombinant 
gene product would accumulate to even higher levels. 

The experiments suinmarized in this report were not 
designed to provide a comprehensive comparison be- 
tween Ad5- and plasmid-mediated gene transfer. Nev- 
ertheless, Figs 2 and 3 suggest that Ad5/RSV/GL2 offers 
a significant advantage over plasmid DNA. The highest 
dose of reporter virus examined in the present study 
(3.6x10' pfu) produced luciferase levels that were more 
than 500-fold higher than those obtained from the 
direct injection of 200 /xg of plasmid DNA. This partic- 
ular dose of plasmid DN A was chosen because it yielded 
maximal levels of reporter gene expression when in- 
jected into the left ventricle of intact dogs using tech- 
niques similar to those used in this study.« The expres- 
sion levels obtained with the pRSVL plasmid DNA in 
our study may therefore approach the maximum possi- 
ble, whereas the results obtained with Ad5 might still be 
improved by 5- to 10-fold with more sophisticated 
concentration protocols. Furthermore, it is important to 
consider gene transfer efficiency in terms of the number 
of recombinant genes injected. In this study, 200 /tg of 
pRSVL DNA (42.4 pmol of reporter gene) produced a 
mean of 123 pg of luciferase per injection site, whereas 
1.8x10^ Ad5 particles (030 fimol of reporter gene) 
produced comparable levels. Therefore, when consid- 
ered on a molar basis, the Ad5 is 140 000 times more 
efficient than plasmid DNA in mediating gene transfer 
in vivo after direct intramyocardial injection. 

The quantitative measurements of luciferase activity 
did not allow us to discern whether the recombinant 
protein was expressed in myocytes or in other cell types 
such as endothelial cells, fibroblasts, or even the inflam- 
matory cells that infiltrate the needle track after intra- 
myocardial injection,^'^ This is an important issue if one 



wishes to target a specific cell population for the pur- 
poses of gene therapy. Therefore, to assess the cellular 
distribution of recombinant gene expression and to 
determine if it occurred specifically in cardiomyocytes, a 
replication-deficient virus carrying the lacZ reporter 
gene was injected into the left ventricle and infected 
cells were identified by histochemical staining of serial 
sections harvested 7 days later. On histological evalua- 
tion, the vast majority (>95%) of the blue-stained cells 
could be identified as cardiomyocytes by their charac- 
teristic pattern of striations (Fig 4). Thus, the ^-galac- 
tosidase reporter gene is selectively expressed in cardio- 
myocytes after direct intramyocardial injection with 
replication-defident Ad5 as has been reported after 
direct DNA injection.^-^ This is in contrast to the 
cellular distribution of reporter gene expression ob- 
served after administration of Ad5 via intravenous 
injection (which targets a wide range of tissues") or via 
transcatheter infusion to the coronary sinus (which 
targets both the vasculature and the myocardium*'^). 

Gross examination of ventricular slices after histo- 
chemical staining for /3-galactosidase activity (Fig 4) 
revealed macroscopic evidence of recombinant gene 
expression. The authenticity of the positive signal was 
demonstrated by the total lack of staining in the lateral 
ventricular region injected with vehicle alone. Although 
the macroscopic assessment was visually impressive, 
microscopic examination of X-gal-stained cryosections 
revealed a heterogeneous distribution of infected cells 
in loose clusters near the injection sites. The percentage 
of infected cells was high (up to 75%) at the center of 
these microscopic clusters but decreased markedly as a 
function of distance as illustrated in Fig 5. It would 
therefore appear that Ad5 vectors have a limited capac- 
ity for migration through adult porcine myocardium 
after direct intramyocardial injection. Accordingly, it is 
unlikely that a single direct injection of replication- 
deficient Ad5 virus (or of plasmid DNA^) will geneti- 
cally alter significant regions of the myocardium in a 
uniform manner. More widespread gene expression can 
be obtained by making multiple^ contiguous injections^ 
as demonstrated in Fig 4, but this does not appear to be 
a practical method for modulating gene expression over 
large regions of myocardium. These observations have 
implications for the application of somatic cell gene 
therapy in the heart, since therapeutic strategies involv- 
ing the secretion of recombinant proteins (eg, vasoac- 
tive peptides or angiogenic growth factors) from a 
subset of cardiomyocytes may be more successful than 
those that rely on uniform gene transfer throughout 
large portions of the myocardium. 

In sunmiary, the present study demonstrates that direct 
intramyocardial injection of rephcation-defident Ad5 vec- 
tors is a feasible and practic^ method for introducing 
recombinant genes into the cardiomyocytes of a large 
animal species with relevance to human physiology. The 
efficiency of Ad5-mediated gene transfer was superior to 
that of plasmid DNA injection in this study, and replica- 
tion-deficient Ad5 vectors offer the advantage of produc- 
ing more recombinant protein. Successful genetic modu- 
lation of discrete myocardial regions with Ad5 vectors 
could find application in studies <A in vivo gene e?q}ression 
regulation in response to stimuli that caimot be mimicked 
in vitro. However, the in vivo application of these vectors 
appears to be limited by marked leukocytic infiltration. 
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probably in response to the residual expression of viral 
genes by infected cells. Additional recombinant modifica- 
tions to the Ad5 genome aire feasible, which should 
minimize the inflammatory response and consequently 
produce higher levels of. recombinant gene expression for 
more extended periods of tiniie. 
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CARDIAC GENE TRANSFER 
BY INTRACORONARY 
INFUSION OF ADENOVIRUS 
VECTOR-MEDIATED 
REPORTER GENE IN 
THE TRANSPLANTED 
MOUSE HEART 



lliis stuffy introduces a model for iotracoronary gene transfer in Hiurine 
cardiac isografts using adenovirus vectors. This approach may offer an 
opportunity to modulate alloreactivity allcr canliac transplaistation. Donor 
hearts were infected via the corona ly arteries with a volunte of lO' plaqae- 
forming onits per millUitcr of a recombinant adenovirus containing tlie 
/^alactosidase-encoding gene (Ad.CIVtVIji»cZ), In a control gniup, 200 fil 
normal saline solution was infused. Hie grafts were stored in 4^" C cold saline 
solution for 15 minutes, then transplanted hefemto[Mcalty into syngeneic hosts 
(B10.BR)- The grafts were harvested at 3, 7, 15, or 30 days (n ~ S for each 
group) after traitspJantation, and p-galactosidase activity was assessed by 
histoc*Kemical staining (X-gal), All grafts wene functioning when harvested. 
X-gal staining pattern was nonuniform with positive staining appearing in 
eplcardial, myocardiaU and endocardial txWs, as well as in the vessel walls. Tlic 
ceUs permissive to infection consisted prcdominnntty of myocardial cells, llie 
mean total numbers of j^^l-positive stairiing ceils per slice were 68.7 ± 27Jt 
in the 3-day |f?x)up^ 330.4 ± 53.8 in the 7-<iay group, 151 J ± 48,0 in the 15-day 
group, and 39*9 ± 10.K in ttie 30-day group, thus peaking in the 7-day gniop 
(p < 0.05), Control isografts (n = 5), retrieved at day 30, revealed no staining 
activity. Jn conclusion, our model demonstrates that intracoronary gene 
transfer to the transplanted murine cardiac grafts is feasible at the time of 
harvest Adoiotinis-medlaicd gene transfer produces widespread gene expres- 
sion which, thoi^h perhaps transient, does not adversely affect myocardial 
Structure or fonctlon. This technology may Allow modification of graft immn- 
nogeniclty in the ibture through the production of therapeutic proteins 
siififident to modulate local Immune responses:. (J IHokac Cardiovasc SVR<i 
1996;111:246-52) 
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The development of methods to tninsfer genes 
into the heart has opened a new era^in c^io^- 
vascular therapeutics, llirough the localized expres- 
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sion of gene products, gene transfer approaches can 
provide insight into cardiac cell biology and may 
allow treatment of cardiac diseases sudi as trans- 
plantation coronary artery disease or graft rejection. 
Several methods of transfec^ing genes have been 
studied. In vivo, direct myocardial gene transfer 
through a needle has been investigated in the rat,^ ^ =^ 
rabbit, inicroswine,* and dog/ However, the limited T;* 
spatial extent of transfcction has restricted the clin- "% 
ical applicability of this technique to human heart % 
diseases.* By way of ovcrooming tfjcsc limitations, 
the transvascular approach has been investigated as v 
a potential target for gene therapy because of the "-^ 
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large surface area and widespread distribution. Two 
types of approaches have been used to transfer 
genes into endothelial cells in vivo. First, genes have 
initially been transferred into endothelial cells in 
vitro, followed by reintroduction of the cransfected 
cells into the vessel wall."""* Second, the genes have 
been transferred in vivo directly into the vessel 
wall,"'*-* However, the fact that endothelial cells 
replicate slowly in the resting state may become a 
limiting factor for the use of vectors that depend on 
cell proliferation to express the exogenous genes.'* 
A unique feature of adenovirus vectors is that they 
appear lo be efficient in transferring foreign genes 
even into sJowfy replicating endothelial cells. 

The^ application of gene transfer techniques to the 
coronary vessels of cardiac allografts may offer 
Insight huo the alteration of alloantigen expression 
In the grafts and uftimalely may allow the treatment 
of transplantation coronary arteiy disease or al- 
lograft rejection. Early detectable exprcs.sion of 
genes after intracoronaiy infusion of a reporter gene 
at the time of harvest has been reported. 

in the present study, we evaluated the potential 
utility of adenovirus- mediated cardiac gene transfer 
by direct infusion of a reporter gene into the coro- 
nary arteries of the transplanted mouse heart. 

Material arad methods 

Gene and fldenovirass vector. The replication-defective 
rccombinanV adenovirus (Ad.CMVLacZ) encoding the 
Escherichm colt LncZ gene, capable of producing the 
en^me ^-g^Jactosidase, was used as a reporter gene. 
The gene was^ modified by the addition of .sequences 
encoding for a nuclear translocation signal and Was placed 
under a control of the cytomegatoviFus long lemiinal 
" repeat A volum^ of 200 pi of lO^ PFU/ml* of wal 
particles was Infused into the <lonor coronary arteries. 

^iimals. Fifty adult mice (7 to 10 weeks of age) of the 
tiiO.BK strain, weighing J 7 to 22 gm, were obtained from 
Jackson Laboratories par Harbor, Maine). They were 
housed under conventional conditions and fed a standard 
diet (Rodent Laboratory Onow, Ral&ton Purina Company, 
Sl Louis, Mo,) and water. After completion of each 
procedure, the mice were allowed to recover with oxyg6n 
and local heal and transferred to their cages 24 hours after 
the operation witfi free access to food. 

He0erotoj[>k heart traosplanOatiooi and intracoironaiy 
gene tirsm^en Cardiac isografts from BIO.BR mice were . 
transplanted into, a second set of B10,BR mice by means 
of .^ttandard miaosurgkal techniques. After adequate 
anesthesia with 4% chloral hydrate (0.1 nU/20 gm of body 
wcigiht, intraperitoneal injection) and methoxyflurane (in- 
halation), a sternal Jid was Jifted upward and fixated. Both 
the right and the left superior venae cavac vi^cre ligatcd. 

'PFU/ml = Plaque-forming unit per niniiliter. 
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'I1ic donor heart was arrested by infusion of 03 n^l of cold 
heparinJzed saline solution into the inferior vena cava 
(100 U heparin per milliliter saline solution). The left 
pufanonaiy arteiy was transected to vent the coronary 
sinus, and the ascending aorta was iigated just proximal to 
the origm of the innominate artery. The viral particles 
were (hen infused into the proximal aorta with a 27-gaugc 
needle. In all aises, oulilow of infused solution through 
the proximal cut end of the left pulmonary artery con- 
firmed adequacy of delivery. The aorta, main pulmonary 
artery, and the three systemic veins were then transected 
distal to ligatures, followed by the en bloc Ugature and 
transection of the pulmonary veins. ITie donor heart was 
preserved in 4* C normal saline solution during recipient 
prcpanitirm. 

Through a midline abdonu'nal hidsion, the recipient's 
infrarenal abdominal aorta and inferior vena cava were 
isolated and b'gatcd both proximaliy and distally with 5-0 
silEc After a longitudinal aortic incision, an end- to-side 
anastom^osis between the dooor ascending aorta and the 
recipient abdominal aorta was pcrfomicd, followed by an 
end-lo-ade anastomosis between the donor pulmonary 
artery and recipient inferior vena cava. Both anastomoses 
were sutured with 10-0 nylon. ITie recipient's proximal 
aonic ligature was released first so that the graft would be 
initial^ reperfused with blood from the proximal aorfa. 

Ssxpression of ^-galactosidase. Histochemical staining 
was done .ko that /i-galactusidasc activity could be exam- 
ined. Cross sections, 3 to 4 mm in height, were taken from 
the graft at midventricular level and snap-frozen in liquid 
nitrogen. Then 10 fun thick slices were cut at 200 fcm 
intervals, followed by fixation with 1.25% ^utafaldchydc. 
After being washed three times at room temperature with 
phosphate-buffered solution, the slices were stanicd for 
/3-gaIaciosidase with X-gal (5-bromo-4-chloro-indolyl P-d- 
galactopyronoside) for 4 to 6 hours, as previously de- 
scribed.*' Six slices were examined for each mouse. For 
quantitative analysis of gene expre?s$ion, the total number 
of cclU positively staining for ^galactosidasc was counted 
per sh'ce under magnification (X40), and a mean value 
was calculated for six slices. Then, overall mean values 
were determined for each group (i.e^ 3-, 7-, 15-, 30-day, 
and control groups). With the aforementioned regimen. 
LucZ expression was represented l>y a nuclear-dominant 
blue color. 

Aniinaall c&re. All animals received humane care in 
compliance with the "Principles of Laboratory Animal 
Care" formulated by the National Society for Medical 
Research and the "Guide for die Care and Use of Labora- 
toiy Animal" prepared by the Institute of Laboratory 
Atiimal Resources and published by the National institutes 
of Heahh (NJH pubIlcation,Na aV23, iwised 1985). 

StatlTstka) analysis. Numt>ers are expressed as mean ± 
standard deviation of the number observed. The differ- 
ence of the amount of gene expression was evaluated with 
analysis of variance. The level of significance was accepted 
as p < 0.05. 

Result 

SurvivaB, All donor hearts resumed sinus rhythm 
after several minutes of reperfusion. Total ischemic 
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Fig. lA^ Successful gene transfer to the cardiac graft was demonstrated wjih X-gaJ staining (expressed as 
blue spots) in myocardial ceILt of coronaiy vessels. 




J«g. IB. Successful gene transfer to the cardiac graft was demonstrated with X-gal staining (expressed n 
blue spots) in endothcUuI cells of coronary vessels. 
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Fifr IC Succx^ul gene transfer to the cardiac graft was demonstrated with X-gal staining (expressed as 
blue spots) in smooth muscle cells of con>nary. vessels. 



1- 



time of the dbnor hearts ranged between 45 and 65 
minutes, NomurvivaJ rate, defined as survival for 
less than 24\hours after tr^^isplantation, was less 
than 10%. All animals. surviving eardiae tr^nsplan- 
taiion Jfved until tjiey were sacrificed, Ali recipients 
had normal contcactiFity of the transplanted heart 
when sacriHeed. Aside fn>m the /3-galactostdasc 
staining, the histologic appearances of both tJie 
experimental and control groups were normal. 

Infection pattern and time course of expression. 
Successful gene transfer and expression of /3-galac- 
tosidasc was documented in all animals killed at 3. 
days. X-gal staining patterns revealed a nonuniform 
distribution; with^ blue-colored positively stalmng 
cells appesiring in eptcardial, myocardial and endo- 
cardial cells, as well as in vascular walls (Figs. lA, 
IB, and IC). The cells permissive to infection con- 
sisted predominantly of myocardial cells, and other 
myocardial structures were relatively well preserved 
(Fig. lA). The mean total numbers of cells staining 
positively for /3-galactoside per slice were 68.7 ± 
273 in the 3-day group, 330.4 ± 53.8 in the 7-day 
group, 151.3 ± 48.0 in the 15-ilay group, and 39.9 T. 



10.8 in the 30-day group, peaking in the 7-day group 
(p < 0.05). Control isografts (n = 5), retrieved at 
day 30, revealed no staining activity (Fig, 2). 

Discussion 

The present study proposes a model for adenovi- 
rus-mediated gene transfer to transplanted cardiac 
grafts and confirms the findings of recent studies on 
direct gene transfer into murine coronary arteries.**' 
Wc observed expression of the ImcZ gene, which is 
capable of producing the p-galactosidase enzyme, in 
the epicardial, myocardial, and endocardial cells, as 
well as in the coronary vascular walls, up to 30 days 
after tnuLspIantation, which demonstrates that this 
technique is a feasible means of transferring genes 
at the time of harvest 

Since Wolff and associates*^ demonstrated that 
murine skeletal muscle can take up and express 
genes that have been mjectcd directly into the 
muscle, both skeletal and cardiac myocytes have 
been found to be efficient tiurgets for gene transfer.*^ 
Several investigators have shown that expression of 
reporter genes injected into the skeletal or cardiac 
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Fig- 2. Life span of transfcclcd gene expresston \vithin 
the graft was analyzed by comparing (he total number of 
cells stainiog positively for ^gaJaciosidase per slice 
between the groups. Gene expression was detected in 
the 3-day group* peaking at 7 days, and gradually 
declined thereafter. 



muscle was higher than for other injected tissues, 
including the brain, liver, spleen, uterus, stomach, 
lung, or kidney.^* ^ Although the reason for such 
apparently superior results remains unclear, it has 
been hypothesized that structural differences, in- 
cluding the presence of multinucleated cells, a sar- 
coplasmic reticulum, and a rich T-tubule system in 
skeletal and cardiac muscle, may aJlow^tter access 
of the gene to these cell populations.^* 'Fhe 
mechanism whereby the gene injccute ts taken up 
by muscular tissues is unknown. It has been reported 
that only cells directly .idjacent to the injection site 
are transfecteU, suggesting uptalcb of deoxyribonu- 
cleic gicid (DNA) through leaking cell mem- 
branes/** This (indlng, in addition to other experi- 
mental findings, raises questions about the clinical 
applicability of the direct injection method for trans- 
fectton of human myocardium. These findings in- 
clude the small number of myo<^lcs that can be 
transfected in vivo (as few as 60 to 100 cells per 
injection), complete transfection only at the cells 
bordering the needle tract, and the occurrence of 
inflamnlation, myocardial necrosis, and scar forma- 
tion along the needle tract.^^ 
• Unlike direct n^ocardial injection, transfection 
via the walls of the coronary vasculature can be' a 
useful means of gene transfer because of the poten- 
tially large absorptive area and widespread distribu- 
tion. In vitro endothelial or vas(?ular smooth muscle 
cells expressing a recombinant gene can be im- 
planted on porcine cndothclium-dcnuded vessel 
walls in vivo^ or on prosthetic interposition grafts 



of canine carotid arteries.^ However, this technique 
requires prolonged occlusion of the target vessels to 
facilitate adeiaovirus attachment to the vascular 
wall,**^® and it has a limited human appb'cation 
becaase of the practical difficulty of obtaining endo- 
thelial cells in advance." Direct gene transfer into 
the unmodified vessels may overcome these prob- 
lems. Previous reports have proved the feasibility of 
direct in vivo gene transfer into bloodvessels.""'^* 
This study demonstrated that the recombinant ade- 
novirus vector is able to transfer genes not only into 
the myocardial cells but a!st> into the coronary 
arterial walls, the sites of local immune interactions 
after cardiac transplantation. 

Recently, the adenovirus vector has been shown 
to be efficient in transferring exogenous genes into a 
variety of cells both in vitro and in vivo.'*^'^ 'ITiis 
vector has a number of advantages over other viral 
vectors. It is capable of infecting either nondividing 
or slowly proliferating cells, for example, vascular 
endothcJial cells.^*^^ Lemarchand and coworkers^^ 
have observed that replication-deficient adenovirus 
vector can mediate detectable gene expression in 
normal endothelial cells. The present study demon- 
strates that coroniuy vascular cells with ^-galactosi- 
dase expression remain relatively intact microscop- 
ically. Other advantages of adenovirus vectors 
include the potential of generating viral stocks in 
excess of 1 x 10" PFlJ/ml, an ability to accept 
heterologous genes up to 7.5 kb in length, no 
reported assodations with human malignancies, and 
a history of safe administration in human vaccines.^'* 
Moreover, gene expression after adenovirus-medi- 
ated transfection in vivo could persist longer than 
other viruses. The mechanism underlying this phe- 
nomenon is unclear, but persistence of a moderate 
degree of viral replication may be responsible. A 
potential downside of this continued replication is 
that it may lead to a powerful host immune response 
to the infected cells.^ A long-term model would be 
needed to cxarnine this possible adverse effect 

An additional limitation regarding the general- 
ized use of viral vectors has been the length of time 
required to gederate each recombinant virus. Previ- 
ous study has shown that an 18- to 24-hour incuba- 
tion period is required to get the maximal lipofeclin- 
mediated luciferase gene transfer in in vitro 
endothelial cell cultures." Actually, such a long 
incubation period is not practical for in vivo gene 
transfer. Iln contrast, a cotisiderable number (58%) 
of the endothelial cells expressed the p-galactosi- 
dase when the adenovirus vector (Ad,RSV^-ga!) 
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was in contact with the endothelial cells for even as 
short a period as 15 minutes in in vitro endothelial 
cell culture,'" In the present study, the interval 
between the harvest and the reperfusion of the 
grafts (15 nainutcs of preservation in 4*C saline 
solution plus 45 minutes of room temperature ex- 
posure) was the incubation period. Clinically, the 
ischemic time of allografts provides a unique oppor- 
tunity for access to the allografts and a window for 
direct gene transfer. Further studies are necessary, 
however, to demonstrate whether gene traasfer can 
occur at hypothermic teinperatures used for cardiac 
preservation. 

The analysis of the time course of gene expression 
in our mode! corrohi^rates the results obtained by 
others, Lemarchand and associates'" observed that 
expression with adenovirus vectors peaked at 7 days 
and then declined, so that expression was no longer 
evident at 28 days in the in vivo carotid artery and 
umbilical vein of the lamb. Acsadi and ci>worker?»" 
demonstrated that no ^-galactosidase-posilive cells 
were seen 25 days after direct myocardial iiijectiou 
of pRSVI^acZ, suggesting that injected DMA re- 
mains episomal and is lost over time because of 
rapid target cell turnover. Additionally, they found 
that iuciferase activity was stable for 60 days in 
cyclosporine-treated rats compared with unstable 
expression in untreated rats^^ suggesting that an 
immune mechanism may be responsible for gene 
elimination. Nabel, Pautz, and NabeP observed 
that jS-galactosidase activity was expressed for at 
least 5 months after they transfected a segment of 
the iKofemoral arteries with retrovirus in vivo, and 
' all three layers of the vessels including endothelial 
and vascular smooth muscle cells were infected by 
the retrovims. Further efforts to increase the func- 
tional life span of viruses injected into infected 
organs need to be explored. 

In summary, our model demonstrates that intra- 
coronary gene transfer to the transplanted niurinc 
^diac grafts is feasible at harvest Adenoviras- 
mediated gene transfer produces widespread gene 
expression which/ though perhaps transient, does 
not adversely affect myocardial structure or func- . 
lion. This technology may allow modification of 
graft immunogenicJty in the future by using gene 
sequences capable of encoding immunosuppressive 
proteins. However, further efforts directed at in- 
creastng the level of expression and the functional 
life span of gene sequences need to be applied for 
this technique to be useful in patients. 
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Discussion 

Dr. John E. Mayer (Dosiont Mass,), Genetic modifica- 
tion of donor ^iillografts by means of viral vectors ofiTcrs an 
exdting potential avenue by which both acute and chronic 
rejection may be modified. 

Two questions have occurred to me. First, ahhough 
much of your interest seems to have been Ibcuscd on* 
endothelial cells and transplant atherosclerosis, the great- 
majority of infected cells w^re myocytes. Do you have any 



explanation for this? Does this Qnding imply that u 
different viral vector may be necessary or slK>uid the dose 
of the virus be greater? 

Second, can you speculate on which genes sliould be 
transferred into the donor hearts? [ have wondered 
whether the donor cells could be mduced to produce the 
same HLA antigens as the reoipienl. Do you have any 
other ideaus concerning which genes could be tramf erred 
into the donor organ? 

Dr. Lee. Dr. Mayer, thank you for your comments and 
questions. First, our model was the first step study to 
evaluate the spadal and tcmpontl expression pattern of 
adenovirus-niediated gene transfer in the transplanted 
mouse heart. It is true that the endothelial celb are 
thought to be among the useful targets to transfcet genes 4: 
to n)odulate local immune responses after cardiac trans- 
plantation because of their large absorptive area and 
widespread distribution. Recently, adenovirus vector has 
been shown to ho an efiicient tool to transfect genes even 
into nundividing or slowly dividing cells like niyocardial or 
endothelial cells in both In vivo and In vitro studies. As 
you commented, our resuhs revealed that myocardial cells 
were more efficiently iransfected than the endothelial 
cells. However, the gene expressions in lx>th myocardium 
and endothelium of the coronary vascular beds, the sites 
of local immune res^nses, were demonstrated in this 
study. Thi.s may justify the possible role of this approach to 
treat either transplantation coronary artery disease or 
gnift rejection. The relative clDcieocy of transfectioji to 
the different cell types is to be studied further. 

Second* there is no doubt that the^ long-term goal of 
these experiments is to develop the methods to express 
tiie transferred genes and to produce biologically active 
proteins in quantities sufificient to modulate local immune 
responses. Application of this technology using gene 
sequences for inimunosuppTe.s^ve cytokines including 
iransfonning growth factor-^ (TGF-/3) and interleukin-10 
is airrently underway with favorable resuUs. Further efforts 
should be directed toward ways to increase the functional life . 
span and rate o[ infection of these inserted gene sequences 
f6r this technology to be clinically applicable. 

Dr. John H. Kennedy (Cambridge, En^nd). Homocvv 
tine has recently been implicated as a risk factor in 
atherosdert>&is, and the c^omcgalovims family of viruses 
is thought to invoke this response. Homocystine remains 
in tissue or body fluids for as long as 10 years. If you have 
any frozen material, it might be interesting to see whether 
a different virus would l^ more useful in your partlailar 
modei if you are intercepted in graft rejection and aoceler- . . 
ated athcrosck^rosis. 
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myocytes and vascular smooth muscle cells in vitro 
using herpes virus vectors 
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ihr^ different disabled 
fl&^^ ta'ii^Vyer a l&ctg&n^ to pn- 
"^^S^d$6ui$rskf6oth^m^ cells 
^^^fdk VifiiS to trahsfect the 
10:^0^ 6)^ d^r^ of cyto- 
^fMi^h "^he^catrdiac myocytes 
i^^^S^ffiW VfiBN^t^^ of beating 
.mocyi&Mjlitjir^s^ While an HSV 
^^m^di^e^&riy gene IE2 



had been deleted gave high efficiency gene transfer to i 
cardiac myocytes In vitro and the rat heart Inyhrp, vins' 
in which ICP34.5 or ICP34.5 and VfyfW65 were inac 
(and which were also unable to replicate In these, 
gave a much tower efficiency of gene transfer, mlnori 
the degree of cytopathic effect observed in the ,l>eatm 
myocyte cultures, bene transfer to the vascular Smo ' 
muscle cells\was cohsldembly^ less efficferit than to' 
myocytes in all cases. These results indicate that wi 
HSV may be Inappropriate for highly efficient gene trans 
to the atterfal walh efficient gene transfer can be achiev 
in the myocardium, and thus that HSV vectors may be si 
able for the alteration of cardiac cell physiology In VM?; ^ 



^k^Mdtdi^Mdiac rnyocytes; )nsiscalar smooth muscle cells: gene therapy 



Introduction 

A variety of methods are under development for gene 
transfer to the myocardium and coronary vasculature, 
induding Uie use of adenoviral vectors and the direct 
injection of plasmid DNA (reviewed by Naljd^), where 
it is hoped that they may in the future allow the treat- 
ment of a number of cardiovascular diseases dirough the 
expression of therapeutic gene products. Example 
conditions for which gene therapeutic protocols can be 
envisaged indude ischaemic heart disease or in restenosis 
prevention following percutaneous translununal coron- 
ary angioplasty. 

Herpes simplex virus 1 (HSVl) has been proposed as a 
candidate vector for gene delivery to die nervous systenis 
(reviewed by Coffin and Latchman^ as it can produce a 
lifelong latent infection m neurons. However, HSVl can 
also infect a wide range of other cell types and could 
therefore be used for gene delivery to non-neuronal cells 
as long as lytic infecdon were inhibited. Indeed HSV has 
recently been iised to deliver lacZ to mouse smooth 
inusde cells in vitro and in vivo? Moreover the parti- 
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cularly stable DNA structure formed by noru^licating 
HSV genomes may be particularly suitable for allovdng 
long-term genetic correction in nondividing cells. HSV is 
highly pathogenic and thus must, liJce most other viral 
vectors, be disabled in some way. Most replication defeo 
tive HSV-1 vectors contain a deletion to remove one ot 
more immediate-early dB) genes in order to prevent 
virus replication at the earliest possible time after infec- 
tion. These genes must be complemented in tram for 
growth in culhu-e. Alternatively, either an inaclivatirij 
mutation in the gene encoding VMW65 (which trans^ 
activates IE genes after infection) can be used to produce 
a nonpathogenic virus, or genes necessary for replication 
in particular target cell types can be removed. A mutaliCMt 
of this last type is provided by removal of the ICP34i 
gene which prevents replication in some fully differenr 
tiated cell types (induding neurons) but which stil 
allows virus growth in actively dividing fibroblasts it 
culhire.* Here we have tested disabled viruses of these 
(or combinations of the three) types for the ability tc 
direct p-galactosidase (tocZ) expression in oiltured rat 
cardiac myocytes, primary rat aortic vascular smooth 
musde cells (VSMCs), and a VSMC cell-line in vitro, and 
also tested the most effident virus in the rat heart in vim 
These viruses were dther deleted for ICP34.5, ICP34i 
with VMW65 inactivated, or deleted for IE2 (encodirtf 
essential immediate-early protein ICP27). Thus whik 
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wild-type HSV is highly neurotrophic, these various 
deletions of the HSV genome would prevent any possible 
neurological complications when using such vectors for 
gene delivery to non-neuronal cells. However, while 
lCP34.5-deleted viruses have akeady been tested and 
been shown to give safe transgene delivery to the moiise 
and rat central and peripheral nervous systems in vivo 
(manuscript submitted), their efficiency for gene delivery, 
their replication status and the degree of cytopathic effect 
(CPE) produced in cardiac cells or VSMCs were 
unknown at the begining of this study. 

Results 

Experiment? were performed both to assess the efficiency 
of gene bransfer to the cardiomyocytes and vascular cells 
and to assiess the degree of cytotoxicity of the various 
viruses. Tlius cell cultures were infected v^th a number 
of viruses carrying the lacZ gene: a nondisabled virus 
(BE8),' viruses disabled by the removal of ICP34.5* or 
1CP34.5 together with the inacdvation of VMW65^ 
(ine/kcZ or 1764//acZ), or a virus with the essential IE 
gene encoding ICP27 inactivated (27-lacZ),^ Cells were 
then either stained with X-gal at 1 or 3 days and blue 
cells counted as a means of assessing tlie efficiency of 
gene delivery, or the health of the culture roughly 
assessed by counting the frequency of beating (beats per 
min) in synchronously contracting myocyte cultures, as 
compared with an uninfected control at 1 day, 2 days and 
5 days after infection. Healthy, recently isolated cultures 
of rat newborn cardiomyocytes contract in a regular and 
synchronous fashion for a number of days, although they 
are highly sensitive to physiological or other insult diu*- 
ing this time. The degree of virus replication was 
assessed by removal of the supernatant from the cultures 
and titration (followed by plaque counting) on a suscep- 
tible cell Ime (BHK C-13, or BHK C-13 expressing 1CP27). 

X-gal staining 

Bearing in mind the beat frequency data below (see Table 
1), which shows that at multiplicities of infection (MOD 
>1 there is considerable cytotoxicity even for the dis- 
abled viruses, the X-gal staining experiments were all 
performed at MOI = 1. As can be seen from Hgvure la, 
all the viruses can deliver lacZ to the cardiomyocytes, 
although in accordance with the beat frequency data 
below, the efficiency of gene transfer varies significantiy. 
However as in each case (except for BE8) there was little 
difference between the numbers of blue cells after 1 day 
or 3 days, it appeared likely that all the disabled viruses 
were incapable of replication in the cardiomyocytes. This 
was confirmed by the virus titration experiments which 
showed that while large numbers of plaques were gener- 
ated on BHK cells by the supernatant harvested from 
cardiomyocyt^ 3 days after inoculation with BBS, no pla- 
ques were generated from the supernatant after inocu- 
lation with 1716//flcZ, lieA/hcZ or ll-lacZ (in this last 
case titrated on a BHK cell line expressing ICP27). 

The nondisabled virus (BE8) gave a high proportion of 
stained cells, but with a high degree of accompanying 
cell death, shovdng not only the ability of HSV to infect 
and replicate in cardiomyocytes, but also the requirement 
for effective disablement of an HSV vector. However, 
while the viruses vwth either ICP34.5 or 1CP34.5 and 
VMW65 removed gave only a relatively low nimnl>er of 



blue staining cells, 17-lacZ produced both a very high 
percentage of blue cells and little visible CPR This sug- 
gests that the absolute block to replication provided by 
this mutant, and the probable lower level of virus gene 
expression is more effective at generating an efficient and 
non-cytopathic vector for cardiac cells than removal of 
1CP34J or ICP34.5 and VMW65. This difference may be 
due to the specific function of ICP345 in some cell types 
(see Beat frequencies and EHscussion) which might pre- 
vent efficient lacZ expression. 

While the primary rat cardiomyocytes were evidendy 
highly infectable by HSV (either wild-type or disabled), 
the primary aortic vascular smooth muscle cells were 
considerably less susceptible, as even the nondisabled 
virus gave only a considerably lower percentage of X-gal 
staining cells even at higher multiplicities of infection 
than used for the cardiocytes above (MOI of 5 instead of 
1; Hgure lb). However, of the disabled viruses 27AacZ 
again gave the best results, with only a few cells staining 
vwth X-gal when infected vdth the ICP345 or 
ICP345/VMW65 deleted virus (again at MOI = 5). While 
these primary cultiues of vascular smooth muscle cells 
could he infected by HSV, albeit at lower efficiency than 
the cardiomyocytes, the vascular smooth muscle cell line 
used gave no blue cells even at MOI > 10 with 27-lacZ, 
and only a few blue cells when infected with BE8 at high 
MOI. FBV is therefore iiiappropriate for gene delivery to- 
these cells in culture. 

Beat frequencies 

Table 1 shows tlie results of the beat frequency exper- 
iments after inoculation of the cardiomyocytes with the 
various viruses at multiplicities of infection (MOI) of 0^, 
1 and 5. The nondisabled virus (BE8) showed marked 
cytotoxicity after 1 day, with little and irregular beating 
at MOI = 1 and no beating at MOI = 5. By day 2, some 
recovery had occurred at MOI = 1 although beating was 
slightly higher than mock-infected frequencies 
(approximatdy 200, as against approximately 150) and 
still irregular. All the cells were dead by day 5. 1716//acZ 
and IVSi/lacZ showed beat frequencies at near to mock- 
infected levels at MOT ^ 1 after 1 day, although at higher 
multiplicities of infection beat frequency was reduced. At 
day 2, the cells infected at lower multiplicity were still 
beating although at below mock levels, while with the 
higher multiplicities beating had essentially stopped. The 
cells were again dead by day 5. The removal of ICP27 
gave a considerable improvement in cell survival and 
beat fi:equency at MOI ^ 1, with at day 1 near to mock 
levels, day 2 half way between mock and 1716/lacZ or 
1764/tocZ levels, and at day 5 the celb were still beating 
slowly. At higher MOI, beat frequencies were more mark- 
edly reduced at all time-points. However, at day 5 even 
mock-infected cultures are no longer Ideating stably, with 
high speed, unsynchronised contractions (fibrillation). 

These results show that while all the disabled viruses 
are incapable of replication in the cardiomyocytes (see 
above), only the removal of ICP27 generates a vector in 
which the toxic effects of infection have been reduced sig- 
nificantiy, as at an MOI ^ 1 beat frequencies are similar 
to rnock-infected controls. The deletion of 1CP34.5 or 
ICP345 and VMW65, while preventing replication, does 
not provide a vector in which the cytotoxic effects of 
infection have been very significantiy reduced (although 
the effects are considerably lower than with BBS which 
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r^m^my of ^rrK3fffoi!u>ua beating in newborn rat primaiy cardiac myocyte cultures 1 day, 2 days Or 5 days after infection 
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gives a lytic injection in these ceUs). This might be for 
two reasons: firstly removal of ICP345 (and VMW65 in 
the case of 1764///icZ) may still allow the expression of 
many potentially cytotoxic HSV gene products, parti- 
cularly the BE genes, which may account for the effects 
we have observed, or secondly in the absence of ICP34.5 
protein synthesis might be shutdotvn in the infected cells 
which might also account for the effiects on beat fre- 
quency. This type of response has been noted previously 
in a neuronaUy derived ceU line' (although it is not seen 
m other nonpennissive cells),'"-" where it was suggested 
that the natural response to infection by an ICP343- 
deleted virus in these cells was a shutdown in protein 
synthesis, possibly leading to apoptosis, which would 
limit the extent of the infection in the host, but which 
was blocked by the expression of ICP34 J. 

In two gene deHveiy to the heart 
To ^ whefter the apparent utility of HSV vectore for 
fte heart m n/ro vvas reflected in efficient deliveiy to the 
fo^rwT' ""^'.s^ccessful mutant in vilro (deleted 
forICP27) was used m vivo in the lat heart for these 
d^JlT^ mtramyKaidial injections were made 
directly through the chest wall of anaesthetised adult 
Lewis rets after locating the heart by palpatioalSie rab 

jMrt removed, fixed and stained with X-gaL As Si bl 
?^ 2 effident gene delive^^ cSelSS 
X ^ "^L"* "y^^*"™ as large aJeas staining 3 
X-gal can be seen around the inoculated site. The rate 

h^thy during theaKlayincubatl^'^SS 
tte stamed areas remained healthy in aWaranre 
with no apparent alteration in ceU moiphohJ^S 

.ytopathic effects of the inocIleS^K 

ntinuiuiL However as would Iw»PVTvi.r*wi 

Hcatii^ Viral veCo^, thT^^ olsSSs'SKZ 
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maintain a lifelong latent infection might provide a 
means by which neuronal physiology coxild be altered in 
the long term after a once-only application of such a vec- 
tor system. However HSV can also efficiently infect many 
other cell types and in some circumstances might provide 
specific advantages over other vector systems, parti- 
cularly in the delivery of genes to terminally differen- 
tiated cells such as those of the myocardium, where very 
long-term gene expression from latent virus might be 
envisaged, or where large genetic insertions might be 
required. HSV does not have the packaging constraints of 
other viruses, potentially aDowing the use of large control 
DNA regions which might be important for correct cell 
t)^e-specific gene expression. Indeed HSV has recently 
been shown to be efficient at delivering bcZ to skeletal 
inusde cells in vivo? However, to exploit HSV as a vector 
it must be disabled to minimise the effects on the target 
cell, and a nuntber of strategies for this have previously 
been employed. These have included the deletion of 
essential genes, allowing virus growth only in a compn 
lementing cell line and the deletion of genes which 
specifically prevent growth in target cells but still allow 
growth in culture. For neurons these have included genes 
such as 1CP6," thymidine kinase^* and ICP34 V only the 
last of which provides an absolute block to a productive 
Infection in these cells. Here we have tested and com- 
pared viruses disabled by both these means and showed 
:hat while viruses deleted for the essential IE gene ICP27 
land therefore grown on ICP27 expressing cells) provide 
efficient and relatively noncytopathic vectors for cardio- 
3iyocytes in vitro and the rat myocardium in vivo, 
deletion of ICP34.5, while preventing replication in these 
:ells, does not aDow efficient gene delivery. We have also 
shown that in vitro HSV is less efficient for gene transfer 
:o VSMCs, although tiiis was not tested in vivo. 

It has been speculated that delivery of a niunber of 
jenes to the myocardium, particularly HSPs, might 
protect against the effects of ischaenua," and indeed 
ransgenic mice overexpressing HSP70 are significantly 
>n>tected.'^ It has also been shown that fibroblast growth 
actor (FGF) when delivei^d to porcine iliofemoral 
iTteries can induce angiogenesis." While a number of 
'ector systems have been tested for in vitro or in vivo gene 
leliveiy, including adenoviral vectors, retroviral vectors, 
iposomes or the direct injection of plasmid DNA 
reviewed by NabeD, none provides an optimal gene 
[elivery system under all circumstances, HSV has pre- 
'iously been shown to allow deHveiy of ladZ in a nonvas- 
ularised cardiac transplantation model in ti\e mouse 
t^here neonatal whole hearts were removed, inoculated 
/ith virus, and placed subcutaneously in the ear pinna 
f recipient mice.*^ Our experiments further show that 
^SV could be developed as a vector system to deliver 
ome or all of these genes to the myocardium^ and that 
: might provide advantages in some circumstances, for 
xample for long-term or tissue-specific expression. For 
xese reasons we are currentiy developing herpes vectors 
> express a number of HSPs and FGF to allow the poten- 
al of HSV for altering cardiac cell physiology to be 
Jsted in xrivo, 

Materials and methods 
-artliocyte cell culture 

entricular myocytes from the hearts of <2-day-old neo- 
atal Sprague-Dawley rats were isolated and cultured as 



previously described.^^-^a Cardiocyte cultures vmder 
these conditions start to beat in synchrony within 
24-48 h of isolation, the percentage of beating cells 
exceeding 85% for the diu-ation of the experiment Cells 
grown on laminin-coated cova:slips were used for immu- 
nofluorescent stainmg with an antimyosin antibody 
(Amersham International, Aihersham, UK) to confirm the 
proportion of cardiocytes staining for myosin heavy 
chain. 

Vascular smooth muscle cell (VSMC) cultures 
Primary VSMCs were produced by removal of the 
thoracoabdominal aortas of 3-month-old niale Wistar rats 
which were then stripped of endoflielium and adventitia. 
Medial VSMCs were obtained by the combined 
collagenase/elastase digestion meti\od.^' Isolated cells 
were maintained in Dulbecoo's modified Eagle's medium 
(DMEM), 10% fetal calf serum, 50 mg/ml penicillin, 50 
mg/ml streptomycin (all Gibco, Gaitiiersburg, MD, USA) 
at 3TX: witii 5% CQz. VSMCs were identified by tiieir 
characteristic morphology and immunostainmg for sm- 
myosin (M-7648 horn Sigma, Poole, UK). At confluence, 
cells were passagied using 0.25% trypsin, 3 inM EDTA and 
were used at passage 4-6 for tiiese experiments. The 
VSMC cell line used is an SV40-transformed rat abdomi- 
nal aorta smooth muscle culture obtained from the Amer- 
ican Type Culture Collection (ATCC-CRL2018, RodcviUe, 
MD,USA). / / 

Virus stocks 

Herpes virus strains used were BE8 (an essentially wild- 
type virus with a CMV IB promoter//acZ insertion inter 
a nonessential gene (USS))^ and three disabled viruses 
me/kcZ, 176i/kcZ and 27'kcZ? ms/kcZ and 
1764/kcZ were produced by the insertion of a chimaeric 
herpes latentiy active transcript (LAT)-Moloney murine 
leukaemia virus long terminal repeat (MoMLVLTR) 
promoter//flc2 cassette into the UL43 gene of HSVl 
strains 1716 and 1764 respectively, by standard methods.* 
1716 Is deleted for both copies of ICP345,* and 1764 also 
has an inactivatmg insertional mutation in the g^ for 
VMW657 UL43 is a nonessential HSV gene, unnecessary 
for growth in culture and which does not affect the kin- 
etics of the establishment or reactivation from latency in 
xnooP^ 77'lacZ has an ICP6 promoter/ZocZ- insertion into 
the gene encoding the essentail IE protein ICP27.* 

/n Wvo irtoculathn 

Approximatehr 20 pi intramyocardial injections of 27-JIbc2 
(5.x 10^ pi.u,/nftl) vrae made directiy through the chest 
wall of anaesthetised adiilt Lewis rats after accurately 
locating the heart by palpatioit The rats were aUowed to 
recover and after 2 days were killed, the heart ranoved, 
fixed and stained with X-gal. 

X-gal staining 

Culture medium was removed from tlie cells which were 
then fixed in 4% paraformaldehyde at room temperature 
for 15 min. After washing twice in phosphate buffered 
saline (PBS), cells were then stained with X-gal for 
approximately 1 h at 37*^ in 5 nurf potassium ferrocyan- 
ide, 5 mM potassium ferricyanide, 2 mM magnesium 
chloride^ 0.02% NP40, 0.02% sodium deoxycholate; 1 mg/ 
ml X-gal eigma, Poole, UK) in PBS. Whole hearts inocu- 
lated ht vivo were removed from the animal after death 
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and treated similarly except that the fixing step was 
extended to 1 h and incubation in X-gal to 4 h. 
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Objective: The ability to transfer g^ncs to adult mjocardiura may bave 
therapeutic ImplicaliMss for cardiac transplantatioiu We investigated the 
feasibility of adenovlrus-mediatcd transfer of marker genes LacZ and LMic^ 
erase^ as weU as the potentially tfaerapcntic gene of the human p^-^drcneri^KC 
receptor in a rat heterotoiMC heart transplant modeL Methods: Donor hearts 
were ftushed with 10*^ total viral particles of one irf* three Iransgoies. Hearts 
were harvested at varions time points alter transplantation. lincZ-trcated 
hearts were assessed by histologic staining and jL«c£/fem$e-trtatcd hearts were 
assayed fer specific luminescence actlvilry. Hearts treated with ftc-adrenerglc 
reccptc»- underwit radioligand bindhig assays and immunohistDcbeDtlstry 
with the use of an antibody spcdHc ftwr the human p^-^^drexier^ reccirfor. 
ResuUs: LacT, hearts revealed dififuse myocyte staining as opposed to none 
within controls at 5 days, Luc^emse hearts demonstrated a mean acthrify of 
970^ ± 220,t»0 artntrai^ D^ht units wsus 500 :t 200 for the controls (p = 
(KOOl), Total j?2-adrenergjc receptor densities (hnol/mg membrane protein) for 
hearts that nscelved the Pz-adrcnergic receptor transgene at 3, 5, 7, 10, and 14 
days after infection were as fullows: right ventricle, 488J5 ± 12^^ 519,4 ± 
81,8,* 417 A ± 5L8,* lX3i) ± 65,» and 82.7 ± ^ U left ventricle. 511J ± 167.6, 
1206.4 ± 32LS.* 5253 ± 188.7, 183.5 ± 18,6,* and 75.9 ± 15^ (*p < 0.05 vs 
contiol vahic of 75,6 ± Immmwhistochemical ansdysis revealed diffiise 
staining of vaiying intensity within myocardial sanx^emmal membranes. 
Cbndusums: We conclude that global overcacpression of diferent Iransgptes is 
possible during cardiac transplantation and, uhimateiy, adenovirus-mediated 
gene transfer may provide a unique oppc»tunity for genetic manipulatioit of 
the donor organ, potentially enhancing its ftuiction. (J Thmw: Cardiovasc Sutg 
1998;115:623-30) 



Cardiac gene transfer refere to the alteration of 
the genetic content of cells within the heart. 
^^ypicaUy this is facilitated by the vector-mediated 
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addition of a foreign gene. The further development 
of such technology might allow novel therapeutic 
approaches in the treatment of cardiovascular dis- 
eases. However, lack of effective and clinically ap- 
plicable gene delwery systems resulting in high 
levels of transgene overexpression has been a major 
obstacle for successful cardiac gene transfer. To 
date, the adenovirus has proved to be a fairly 
reliable vector for cardiac gene transfer, because it 
has the characteristic of being able to infect nondi* 
viding cells, which is an absolute requirement for the 
terminally differentiated myocyte. Direct injection 
of plasmid deoxyribonucleic acid (DNA) results in 
localized gene delivery and is not clinically applica- 
ble.*'^ Percutaneous in vivo delivery systems, such as 
coronary artery catheterization in rabbits'''*'* and 
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dogs,^'® have had variable success, are difficult to 
reproduce, and infect a limited region of the heart. 
Ex vivo delivery systems, such as during cardiac 
transplantation, are clinically relevant and have 
been shown to allow gene transfer by several differ- 
ent vectOTS.^^^ 

The application of gene transfer to cardiac trans- 
plantation is especially appealing because of the 
direct access to the donor organ at the time of 
harvest. One could potentially transfer the foreign 
genetic material at that rime, and expression of the 
transgene could be evident within 12 to 24 hours. 
This has been demonstrated in mice, rats, and 
rabbits.^*^ Most of these reports however, have 
focused on the use and bverexprcssion of a marker 
gone. Because of differences in individual iransgene 
factors such as transgene immunogenicity, the ex- 
pression of one transgene does not necessarily cor- 
relate to the expression of others. Hius in this report 
we attempted lo dchver three different transgenes to 
the rayoqirdium, including the human p^-^drcncr^c 
receptor (pp-AR). Tf myocardium-targeted ovcrex- 
prc&sion of occurs, cardiac function might be 

enhanced, as has been shown in transgenic mice.^^ 

Materials and methods 

ConstnicdoD of rccombiDant adenovirus. Construction 
of the cytoplasmic ^galactosidasc expressing adenovirus 
(AALacZ) has been described elsewhere,'^ The Lucif- 
erase expressing adenovirus (Ad*Luc) was a kind gift from 
Dr. R. Gerard (University of Texas, Southwestern Medi- 
cal Center). Construction of tlie human /Sj-adnjnergic 
receptor (Ad./Sj-AR), ccfl culture conditions, and virus 
preparation have been described in detail elsewhere."* 

Animals. All procedures and protocols were approved 
by the Animal Care and Use Committee of Duke Univer- 
sity. AduJt male Long Evans rats (250 to 300 gm)» 
obtained from Harlan Sprague Dawley, Inc. (Indianapolis, 
Ind.) were housed under standard coiididons and fed a 
standard diet and water. Ail animals received humane 
care in compliance with the ''Principles of Laboratory 
Animal Care" formulated by the National Society for 
Medical Research and the "Guide for the Care and Use of 
Laboratory Animals" prepared by the lasdtute of Labo- 
ratory Animal Resources and published fay the National 
Institutes of Health (NJH publication Na 85-23, revised 
1985). 

Heterotopic heart, (transplanitatioa. Heterotopic intra- 
abdominal heart transplantation was perfonned using the 
technique as previously^ described by Ono and lindsey,*^ 
In brief, both donor and recipient underwent anesthesia 
with a mixture of fcetaminc (50 mg/kg) and xylazfne (5 
m^kg) injected intraperitoneally. The donor was facpa- 
rinized. A clamshdl incision was created to expose the 
thoracic organs. Donor hearts were arrested with 5 ml of 
normothennic Roe's cardioplcgic solution (20 mEq KCl, 
27 mCq NaQ, 3 mEq MgSO^, 250 mg mcthylprednisolone 



sodium succinate, and 2.25 mEq NaHC03 for a pH of 
7.4). Cardicctomy was performed and 1 ml of adenoviral 
solution (10" total viral particles) was rapidly injccicd 
into the aortic root. 

At this point, attention was turned to the recipient The 
infrarenal aorta and vena cava were exposed via a midline 
abdominal incision. An end- to-side anastomosis was per- 
formed between the donor and recipient aorta followed by 
an end-to-^ide anastomosis of the donor pulmonary arieiy 
to the recipient vena cava. Bleeding was conlmlled with 
direct pressure. All hearts re.<a]med normal sinus rhythm 
within 5 minutes. Total ischemic time was between 30 and 
50 minutes. During tran^lantation, the heart was 
wrapped in gauze and kcpi at approximately 4* C through 
use of tO|HcaI iced saline solution, although myocardial 
temperature was not measured. After completion uf ettch 
procedure, the rats recovered under a heat lamp. They 
were then returned to their cages and aDowed free access 
lo food and water. Abdomens were palpated daily to 
assure a functioning graft. 

IRhcperimental design. To assess gene transfer of the 
marker gene ImcZ^ wc gave one group of rats (n — 6) ibe 
Ad.LacZ solution and another group (n - 6) the control 
solution containing an adenovirus that docs not expre^is a 
transgene (Ad.MT). Both groups of rats were put to death 
5 days after transplantation. To assess successful transfer 
of the lAtcifcrusc marker gene, we injected one group of 
rats (/I - 6) with AdXuc and the control group (/i = 6) 
with Ad.MT. Both groups were put to death 5 days after 
transplantation. To determine gene transfer of the P^-AR, 
one group {n - 6) received Ad.^-AR and the controls 
(ft = 6) received Ad.MT, Both of these groups were put to 
death 5 days after transplantation and all hearts were 
divided into three samples: (1) left and right atria, (2) 
right ventricle, and (3) left ventricle. Furthcrnk>re, groups 
of three rats each were then infected with Ad.jS^-AR and 
put to death 3, 5, 7, 10, and 14 days after transplantation. 
Ukewise, all hearts were divided into the previously 
described three samples. 

^-GaDactoscda.^ staming. Hearts were excised^ rinsed 
in isotonic saline solution, frozen in a dry ice/isopentane 
sc^ution, and stored at -80° C Specimens were mounted 
on a freezing microtome and 10 fixn sections were trans- 
ferred to glass slides pretreated with ammoalkylsilane 
(Sigma Chemical Company. St. ILouis, Mo.). Sections . 
were fixed in 10% formalin for 2 minutes at room 
temperature and washed twice in tsotonie saline solutioa 
jMDalactosidase staining was carried out m 2 mmol/L - 
K4Fc(CN)6» 2 mmol/L K^CN)e. 2 mmoVL MgQ^, Oi 
mg/m] X-gal (54)romo-4-chloro-3-indoyi--/5-D-galactopyr- 
arx>side} in trometbaminc-buffiered saline solution^ pH 
7.4. After being stained (usually 30 minutes to 2 hoursX 
the sections were rinsed tn trometbamine-buffered saline 
solution and oountenttained with eosiru 

Luc^erase assays. Hearts were excised, rinsed in Iso- 
tonic saline solution^ and weighed. One milliliter per gram : 
of tissue of 5 mtaoVL tromethaminc/HO (pH 7.4), 132 
mmol/L NaCI, and mmot/L of ethylencdiaminc-tct- J 
raacetic add (EDTA) wa^ added. Specimens were homog- ; 
euized with a Polytron bomogenizer (Bnnkman fastm- 
meiiis, Wesibnry, N.Y.) and flash-frozen in liquid 
nitrogen. After one frcczc/(haw cycle, the homogenatc 
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Big. I* A, Ooss section of a rat heart taken at the mid-ventncular level (23x mskgnlficatlon) 5 days after 
AdLacZ. infectioiL B, Same view at higher magnification (lOOx), Notice individuai myocyte staining. 



centrifiiged at iOfiOOg for 2 miautes and the super- 
ipt was saved and asj«ycd for Ludfemse activity ac- 
itng to the manufacturer's tnstnictlons (Fromcga 
\ Madison^ Wis.), fn brief; in a 15 ml screw-cap 

Jndorf tube (Saistcd, Ino, Newton, N,C), 2 /il of the 

ct was added to 18 fii of Ix reporter lysis buffer 
raega). TVenty microliters of reconstituted luicif&ase 
^* substrate (Ptooiega) Wto added and incubated for 2 
ites at room temperature. Photon production was 

measured in a sctaltllalion counter in slfxgle photon 
itcng mode (Beckmau Instruments, Ina, PuDerton, 



^-AR binding assays.. Membrane fractions were pre- 
pared from hearts and resuspended in binding buifer (75 
mmol/L tromethamme-HCI, pH 7,4/12^ mmol/L MgO^/^ 
mmol/L EDTA), Binding assays were performed on 25 ^ 
of membrane protein using ^turatmg aniounts of the 
^-AR-spcdfic llgand ["'^IjcyanopiDdolol (300 pmol/l.). 
Noa^cpeci^c binding was determined in the presence of 20 
fonol/L aiprenoIoL Reactions were conducted in 500 id of 
binding buffer at 37" C for 1 hour and termtoated by 
vacuum Ollration through glass-fiber filtcrsu ft and ft 
subtype proportions were determined by competition with 
vaiying doses of the ^2'^^^vc Itgand la li8^51J All 
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Fig. 2. p-AR density in native recipient hearts (n = 6), 
control transf^anted hearts after Ad.I-acZ deJivcry (n - 
6), and in /3j-AR-lreated hearts (n = 6) 5 days after 
transplantation. > < 0.02 versus controls. 



assays were performed in triplicate, and receptor density 
(fmol) was normalized lo milligrams of membrane pro- 
tein. 

EmmunobistocbeinlcaJ Sabelliig. Frozen sections were 
cut at 10 /un for indirect immunofluorescence studies. 
Sections were rinsed three times for 3 minutes in phos^ 
phate-t>uflfcrcd saline solution (PBS) and 3 minulcs in 
PBS with 0.05% octyphenow polyctboxycthanol (Triton 
X-ICO; Union Carbide Corp', Danbury, COnn.) (Triton- 
PBS). blocked with serum diluent (10% goat serum in 
FBS with ai% bovine serum albumin and 0.1% sodium 
azidc), and then rinsed for 15- minutes in Triion-PBS 
before overnight incubation at 4* C with a priniaiy rabbit 
antihuman ft-AR antiserum'* (1:500 dilution in serum 
diluent). The sections were then washed four times for 10 
minutes in Triton-PBS at room temperature and incu- 
bated for 1 hour in nuoiescein isothiocyanate-conjugatcd 
' goat anti rabbit inununogkibulin G (1:50 dilution in serum 
diluent). After five 3-rainute rinses in PBS, the sections 
were mounted with sodium iodide (25 gm/L) in 1:1 
PBS/glyceroI solution and photographed. 

Statistics! aaiailysis. OuancitaUve data such as myocar- 
dial Luciferase activity and p-AR density after adenoviral 
transgene deUvcry is eatpfcised as tbc mean ± standard 
error of the mean. The difference in the level of transgene 
oqprcssion between coxitiol and infected hearts was eval- 
. ^ated with Student's t tesu 

Mesmlts 

StirvivsiL Approximately 10% of all rats that un- 
derwent transplantation died within 24 hours of the 
operation. Deaths were equally distributed among 
the groups. No animals died if they survived the first 
24 hours after transplantation. All hearts were id 
normal sinus rhythm at time of explantation. Histo- 
logjc examination revealed no abnormalities and 
differences between the e;q>erimentaJ and control 
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groups at all the various times when the animals 
were put to death. 

LacZ ©vcrcKpjrcssion. All hearts that underwent 
infection with Ad.LacZ demonstrated diffase stain« 
ing throughout both ventricles, as well as both atria. 
Staining was nonuniform and myocytes staining blue 
were found throughout the various layers of the 
myocardium, with h'ttle evidence of endothelial cell 
infection (Fig. 1), None of the control hearts stained 
positive for /5-galactosidase. 

Luciferase overexpiresslon. All hearts that under- 
went infection with AdXuc demonstrated significant 
overexprcssion (970,000 ± 220.000 arbitrary light 
units) as compared with the controls (5(H) ± 200 
arbitrary light units; p = 0.001). Because whole 
hearts were homogenized for this assay, determina- 
tion of the distribution of this transgene was not 
studied. 

Human fij-AR time course of overexpressioiu 
Hearts injected with Ad.j32-AR revealed marked 
overexprcssion in both the right and left ventricles 
as compared with the control hearts (Fig. 2). This 
represents an approximate sixfold increase in the 
right ventricle and fourteenfold increase in the 
left ventricle. The fraction of fo-ARs increased to 
90% in the left ventricle from a fraction of 30% in 
the control hearts, demonstrating that the in- 
creased ^-AR density was due exclusively to 
02-AR overexpression. Furthermore, immunohis- 
tocheraical analysis for the human /Sj-AR re- 
vealed several areas of diffuse staining of myocar- 
dial sarcolemmal membranes of various 
intensities (Fig, 3). 

Kn rats put to death 3 to 14 days after transplan- 
tation, peak overexpression occurred at 5 days, and 
)3-AR density was back to control values by 14 days, 
although at 10 days overexpression was still signifi- 
cant. The atria exhibited the same temporal pattern 
of overexpression as the left ventricle, whereas 
overexpression in the right ventricle peaked at 3 
days and remained at that level for the first 7 days 
before returning to control valutas by postoperative 
day 14 (Fig. 4). 

DIscassSoQD 

The milieu of the heart during transplantation is 
an ideal situation for the introduction of foreign 
genetic material into cardiac myocytes. Gene trans- 
fer to the donor organ, at the time of harvest, can ^ 
easily be accomplished with an adenoviral vector. 
The role of gene transfer for the treatment of ? 
cardiac disorders is evolving and may polcnlially ; 
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^ 3- RepresenUlivc immunohistochcraical detection of expressed human /S^-ARs 5 days after 
Ad.^j-AR deliveiy to transplanted rat hearts. A, Cross-sectioned myotytcs at 25x magmfiaitioa B, 
LoDgitadinaUy sectioned myocytes at lOOx magnificaU'on. 



^^de .applications for the treatment of congestive 
]^ feiluxe, transplant rejection and dysfunction, 
|;i^heniic heart disease. However, it remains to 
pin whether different Iramgenes that would be 
''^jred to treat these disorders can be directed to 
vcrexpresscd in the human myocardium under 
^t>nditi6hs of currenit technology, 
^cemly, the adenovirus vector has been shown 
^ye Increased efficacy of gene transfer into cells 
vivo and in vitro^^^-^^-^^ Recombinant 
iPyiral vectors have a number of advantages 
lather viral and nonviral vectore. Adenoviral 
||s provide efficient transfer info' cells that are 
|fially differentiated. They can be made reph'ca- 
leflcient. can be produced in high titer, and can 



cany up to 7.5 kb of exogenous genetic material.'** 
Therefore this study took advantage of these char- 
acteristics to test delivery of three different trans- 
genes, one with a potential future application of 
improving myocardial contractility. 

The present study demonstrates that the time of 
cardiac transplantation is an ideal setting for the 
administration of an adenoviral solution to ''genet- 
ically modulate" the organ; Several reports have 
shown that the expression of reporter genes dir^Iy 
injected into the myocardhim is limited to a finite 
area around the site of injection and is further 
complicated by local inflammation.^'^ Therefore 
this raises doubts about the clinical applicability of 
this method of gene deb'veiy. In vivo inlracoronaiy 
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Fig. 4. Tiine course of over^xpression at 3, 5, 7,. 10, aiki 14 days t>f /3-ARs; ia alria, right ventricle (nV), and 
left ycniridc {LV) after deliveiy uf lO^-^ tot^i viral particles of Adfti- A R (/i ^ 3 per time point), V < 0.05 
compared with density of control native hearts (75.6 ± 6.4). 



delivery has been demonstrated,^'? but it is very 
difficult to reproduce cojisistently, probably because 
of fnsufftcient contact tiirte between the adebovirus 
and the beating m)rocardiuni, as v/ejl as a host of 
other reasons that have yet to be identified. 

Unlike tlirect injection, infection through the cor- 
onary vasculature 4uring cardiac transplantation 
r^ults in robust and widespread pverexpression of 

, the transgene, as evidenced by the extensive ^-ga- 
lactosidase staining ,of the right and left ventricles on 
histologic examinatton, as well as the marked over- 
expression of the ^2-AR, not only in both ventrides, 
but in both alria as welL The transplantation model 
Ls unique in that it provides the mechanism to 
accomplish global myocardial gene transfer. First, 
adenoviral solution is injected into the aortic root, 
prcsuhTably via both ri^t and left coronary arteries, 
providing access to the entire myocardium. The 

' sdlulion is delivered immediately after removal of 
±e heart at normothermia. No hypothermia is used 
in this model because this may reduce the efficacy of 
gene transfer by slowing the kinetics of the virus- 
receptor Interaction. In fiict, wc have observed lower 
amounts of adenoviral gene transfer with hypother- 
mia (data not shown). Furthermore/ donor heart 
ischemia may facilitate viral transfection by making 
the endothelium more permeable. This, combined 
with the faa that the adenoviral solution is ia 



constant contact with the myocardium throughoai 
the procedure, likely further enhances gene transfer 
across the endothelium and into ihe myocardium 
itsell ITiis constant exposure probably saturates the 
viral receptors and must partially account for the 
robust ovcrc)q)rcssion of transgenes seen in this 
model As opposed to other reporte,^' we have 
not observed any significant expression in endothe- 
lial celh within the vasculature of the heart, but 
extensive gene transfer to myocytes was evidenced 
by the histologic pattern of LccZ staining, as well as 
the pattern of ^-AR overexprussion detected by . 
immunohistocheraistiy. The lade of endothelial ex- 
pression was surprising, and further studies will be - 
required to shed more light on the mechanism of 
myocyte/endothelial cell gene transfer in our model 
Ultimately; however, enhancement of cardiac func- 
tion through ^-AR ovcrcjqpression requires target- 
ing myocytes rather than endothelial cells, which has 
been achieved in this report. 

The analysis of the time course of gene expression • 
in our model correlates fairly closely with other ^ 
reports.***'^ Peak ^^-AR overcxpression wss. 
reached at 5 days, and by 14 days e3q)ression was * 
back lo control values. However, we have no expU- -^ 
nation for the apparent difference in the kinetics of 
transgene expression in the right ventricle (Fig. ^ 
More recently, wc have looked at expression at 28^^ 
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days and have found no evidence of significant 
pvercxpression. Some reports^ describe stable gene 
expression up to months, but these are in differejit 
l^^nimal models with different delivery systems. 
ICJearly, further work will have to be done to in- 
i&tase the stability of these transgencs. Probable 
^*J^dvances will come in work done on the adenovirus 
llfeelf by further deleting immunogenic regions, in 
l^>pssence "hiding" the adenovirus from the host's 
^ihiune system. An immune response to adenovirus 
las been reported^* and may be partly responsible 
bi the transient dvcreXpression seen with this 
ipdcl. Of note, immunosuppressive therapies have 
&eeh shown to greatly extend the duration of trans- 
;ene expression me<iiated by recombinant replica- 
ipn-dcficicnt adenovirus.^^ ^ Although we have 
ipiyet examined the role of immunosuppression in 
;|r ni6del, it is possible that the immunosuppressive 
Is^iinen used currently in the cardiac posttransplant 
^^ttJhg might allow for extended transgene exprcs- 
|9n mediated by these viruses. However, this may 
j prove to make the recipient more vulnerable to 
potential adenoviral infections using the current 
J^ctdrs. The creation of advanced gene transfer 
priors, which is the focus of several groups, should 
'*^^^nlually eliminate this possibility. Importantly, 
^bur modeU there was no histologic evidence in 
fe. transplanted rat hearts of any direct injury 
T^ed by the adenovirus out to 28 days after 
Icfsplanlation, 
.01 conclusion, we have shown that ex vivo adeno- 
|Si?-mediated gene transfer is possible in the adult 
heterotopic heart transplant model. Not only 
b we demonstrated sucfcessfiil gene transfer of 
marker genes, but we have also demonstrated 
he first time robasl and global overexpression of 
>|ene encoding for an endogenous membrane 
[tem-Oz-AR), which has been shown to increase 
ardial contractility in transgenic mice.*'* Thus, 
tlitre studies, it wilfbe criticai to document the 
n9\ significance of ft-AR overexpression in 
^ model to determine whether genetic modifica- 
If*' can be successful at improvihg myocardial 
'on in the posttransplantation setting. 
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DiscDssion 

Mn Magdi H. Yaconb (London, VtxUed fOitgdom), Have 
you looked at the effect" of overexprcssion of /J-reccptofTj 
on function of tiiese cells in any way, either in vitro or in 
any other way? 

Dr. AJdA P. Kypson (Durham, N.C.), Yes, we have just 
stai-led our preliminary .studies. 

We transfccied six hean.s with I he JBj-receptor and 
showed avercxprcssioo. (Average p-rcocptor density was 
400 finol as compared our controls [80 fmol]). These same 
rat hearts were then mounted on a I^ngendorff appanitus 
5 days .rftcr infection and there was almost a doubling of 
the baseline rate of pressure rise in these infected hearts 



as compared with the control hearts. We have yet to do 
^agonist dose/responite curves as well as evaluate the 
amount of overexprcssion correlating with llie functional 
cflfcct. These arc very prelim inaiy data, but there does 
seem lo be some sort of a functional enhancement. 

Dr. Tirone E. David (Toronto, Oniaxio, Canada). These 
measurements are done at what stage of the experiment? 

Dr. Kypson. At 5 days we remove the heart from the 
abdomen and perfuse it on a LangcndorlT apparatus. 

Or. DaWdL Did you do any after 14 days? 

Or. KypsoD. No. We have looked only at 5 days so far. 

Mr. John H, Kennedy {Cambridge, United Kingdom}, Is 
the life of the transfccted cells shorter than the life of the 
host or longer? They are obviously better. 

Dr. KypsoD* There are some who believe that the cells 
that ovcrcxpress these transgcnes undergo an immune 
response by the host Wc have looked at the puthoiogy of 
these hearts 28 days after transplantation atKl have seen 
normal histologic characteristics. 

I>r. D. Glenn rennington (Wifiston-Sakni, MCJ. Is 
there a real difference in the right and the left ventricles, 
or is that just a matter of mu.scle mass? 

Dr. Kypson« Actual ly^ this probably relates to some sort 
of an increased, transmural pressure wall gradient gener- 
ated in the left ventricle, which enhances transduction uf 
the viral particles across the endothelium into the tnyiy 
cardium. 
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ABSTRACT We used a catheler-based technique to 
achiere generalized cardiac gene transfer in vha and to alter 
cardiac fiinction by orerexpressutg phospholaxoban (PL) 
^hicb re^nlates the activity of the sarcoplasmic reiicohrai 
Ca^* ATPase (SERCA2a). By using this approach, rat hearts 
were transdaced m vivo with 5 x 1(P phi of recomhinant 
adenoviral veacrs carrying cDNA for either PL* ^-galactost- 
dase O-gal), or vnodiDod gro«n fluorescent protein (EGFP). 
Western blot analysis of ventricle? obtained fjrom rats trans- 
duced by AdJ^L showed a 2^-fold increase in PL compared 
irith hearts transduced hj Ad.i3gaL Two days after infection^ 
rat hearts transduced with AdJPL had lower peak left ven- 
tricular pressure (583 ± 123 mioHg^ S) compared with 
uninfected hearts C^ZS ± 3.5 nunHg, n = 6) or hearts infected 
with Ad.^gal C9Z«6 ± 5.9 nimH^, n = €). Both peak rate of 
pressure rise and pressure fall (+3, 210 a: 298 wmBg/s, -2, 
117 178 mmHe/s, n — S) were decreased in hearts overex- 
piessing PL corapared with uninfected hearts 225 ± 136 
mmH^s^ ~3, 805 ± 97 mva&g/s^ n = 6) or hearts infected 
with Ad.^gal (+5, 108 d: W/ niro0g/s, -3, 7«5 ± 121 
nuuHg/s, A 6). The time constant of lett ventricular 
relaxation increased significantly in hearts orerexpressing PL 
(33.4 ± ZJ2 ms, n ~ 8) compared with uninfected hearts 
(18^ ± LO ms, n = 6) or hearts infected with A±PgM (2J0S ± 
2.1 ms, /I = 6). These diCTerences in ventricular function were 
naaintaSned 7 days after infection. These studies open the 
prospect of using somatic gene transfer to raodtdate overall 
cardiac fonction in vfvo far either experimental or therapeutic 
applications. 

The regulation cf intracellular caldum is Inttmately telatt^ to 
the systolic and diastolic function of cardiac cells (1, 2). The 
sarcoplasmic reticulum (SR), which releases calcium during 
systole and takes it up during diastole, plays an integral part In 
controlling the synchronized movement of calcium in myocar- 
dial ceils. The SR ATPasc (SERCA2a) pump regulates 
the uptake of Ca^"^ into the SR during diastole. The function 
Of the SERCA2a pump Is regulated in turn by phospholamban 
(PL) (3), In its unphosphoiylated form, PL inhibits the 
S£RCA2a pump whereas m its phosphorylatBd form, this 
inhibition is relieved. A decrease in SERCA2a acthrity has 
been identified in a number o( animal models of heart failure 
and f n human heart foiluro and an luCTcasc in the relative rano 
of PL to S£RCA2a appears to be an important characteristic 
of both experimental and human heart falture ff, 4 ). We have 
previously modeled such alteration in the FL/SERCA2a ratio 
by using ddenoviral gene transfer to cardiocytes Ui vUro, 
Adenoviral overexpression of PL in vitro recapitulates many of 
the physiological abnormalities seen in heart failure, including 
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prolonged relaxation and decreased contractile function. In 
contrast, overexpression of $BRCA2a enhances relaxation and 
conaactility of normal, cardiomyocytes and rescues myocytes 
overexpressing PL from their abnormal phenotype (5, 6). 
Cardiac gene transfer has been previously achieved predom- 
inantly by direct injection iato the myocardium or perfusion of 
an isolated coronary segment (7, 8). Either approach results in 
focai overexpression of the transgcne and ts therefore unlikely 
to effectively modulate global cardiac function. In this study wc 
used a catheter-based technique to achieve highly effective 
transgene expression in rat heart in vivo. In vivo overexpression 
of PL resulted In profbund pl^iblogical alterations in cardiac 
function including a decrease in left ventricular systolic pres- 
sure and an increase in diastolic pressure and a prolonged 
isovolumic relaxation. As In single cells overexpressing PL, 
these effects mimic abnormalities seen in experfmencal and 
human heart faihire. Our data suggest that global adenoviral 
gene transfer to rodent hearts in vivo may be a- useful tool for 
studying the molecular mcchiinisms regulating cardiac hmc- 
tion. Qvcrexpr^sion ^f PL in parti cular creates an .acquired 
pheno^^ pc tnat'reca^ tiilates many qbnbjihaliBes seen in hu-^ 
TnaiThe art failurc and may provide a useful model for testing 
.^^thcrapcaillcjnterven^^ . - . ^ - « 



Materials & Methods 

Construction of £1-Deleted Recombinant Adenoviral Vec- 
tors. Three first generatloa i^c 5 recombinant adenoviruses 
(Ad) were used ht these studies: Ad.0gal, AdPL, and Ad 
EGFP. Ad.0gal, which carries a nuclear localizing form of 
^galaaosldase O-gal), utilizes the dl327 backbone and was 
Idnd^ provided by David Dichek (Gladstone Institute for 
CWdiovascular Diseases, San Francisco, CA) (9), The con- 
struction of AdJ*L has been described in detail (6), AdJBGFP 
was similarly construct^ through homologous rccombinadoa 
in 293 celts by using pJM17 as a source of adenoviral DNA. 
AdJBGFP carries the cDNA for modified green fluorescence 
protein, EGFP, purchased from Clontech. In each, the exog- 
enous cDNA has been substituted for Bl through homologous 
rccombinadon In 293 cells and each contains a small deletkMi 
in B3. The recombinant viruses were prepared as high titer 
stocks by propagation in 293 cells as described (5, 6). The titer 
of stocks u£ed for these vtudlcs measured tsy plaque assa^ were 
as follows: 3.1 X 10"* pfu/ml for AdJPU Z7 X 10"* pfu/ml for 
Ad.pgal, and 2 X 10*** pfu/ml for AdEGFP with a particle/pfu 
ratio of 40:1, 37:1, and 50:1, respectively (viral particles/ml 
determined by using the rebtionship one absorbancc unit at 
260 nm is equal to lO*^ viral purticlcs/ml). 

AbbrevmtiOQs: PL. phoftphotamban: EGFP. modified green fluores- 
cent protein; SR, sarcoplasmic relicutum; $£RCA2a, SR Ca-* AT- 
P:i3c; Ad, adenovinis; p-gal, ^-galacro8idase; LVSP, left ventricular 
systolic pressure. 

lib wliom cepnnt requests should be addressed ac Oirdlovascular 
Rcscorcfs Ouuer, Massachuasita t^fmorol Hospital, East, MP 13th 
Street 4tfa Floor, Etoom 4207. Chariescown* MA 02129. 
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Pig. V Rat hearts were tra^isduccd with Ad^GFF by usibg either 
tho catheter-based technique (^) or direct Injectioa mlo the left 
vcncrfcular wall (a). Potty-eight hotire loUowing delrveiy of adenovirus 
eocoding for £(>n*, the left ventrides of the hescts were removed and 
vinialiTod wjth white Gght (a-i and b-l) and at 510 Dtt with single 
cxcitatloA peak at 490 om of blue light and b-2y As shown m ^2, 
the exp/ession pBttcm observed after catheter delivery is giossly 
homogeneous, lb contrast, the expression pattern h Iodized after 
direct injccnoa as shown in a-Z Of note, wiUi the direa injection, the 
surrouDdlng tissue e^diibits do background fluorescence (a-2). • 

Adenoviral Dellv«fy Protocol. Rats were anesthetized with 
pentobarbital i.p. and placed on a ventilator. The chest was 
entered from the left side throogh the third tntertcstal space. 
The pericardium wag opened and a 7-0 suture placed at the 
apex of the left ventricle. The aorta and puhnonaiy artery were 
identified. A 22 G catheter containing 200 ^1 of adenovirus 
was advanced £ron\ the apex of the left vcntride to the aortic 
root. The aorta and pulmonary arteries were damped distal to 
the site of the catheter and the solution irijccted. the damp 
was maintained for 10 3 when the heart pumped against a 
dosed system (isovolumically). This procedure allows the 
solution that contains the adenovirus to circulate down the 
coronary arteries and perfuse the heart without direct manip- 
ulation of the coronaries. After 10 s, the damp on the aorta and 
pulmonary artery was released. After removal of air and blood, 
the chest was closed, and animals were extubated and trans- 
ferred back to tfieir cage^. 




Fta. 2. Expression of ^-gal in left ventriatUr sections 2 days 
following infection with Ad^fi^l and Ad.PI^ (t^per) Photonucro- 
|raphs of two left ventricular sections stained for 0-gal2 days fblbwing 
m£ectton with Ad.^^ Tbe» scctbiu show the variabtliiy of 
expression within the same heart wHb the catheter-based niethod of 
gene ddhrery, {Lowtr) Photomicrogrkphx of two left ventrteular 
sections stained for ^gai 2 days follawing Infection with AAPL No 
P-gal expression is observed. 
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Fia 3. (iz) Immunoblots of FL from crude membranes of left 
ventrictes from control uninfected mtg or rats 2 and 7 days after 
in£Bctianwfth5 x 10»pIuaf6ithcrAdiJgal, Ad£OFP,orAdJfcSVJPL. 
{b) Protein levels of PL in preparations from uninlected hearts (n « 
8). pKparaHons of hcans infected with AxLj^gaJ at day 2 (n = 61 
prtpatabons of hearts In&cced with Ad.EOT^ at day 2 « 4), 
preparations of hearts idCftcted with AdJ^L at day 2 (/i » 8). prspa- 
raHonsofhCBrtsin£M:tedwithAd.pgalatday7(/K « pnirparaiions 
of beam infected wiUi AcLfiOPP at day 7 (n » 4), and prepatationi 
of hearts inlectorf with AlFL at day 7 (n » 8). < 0.05 compared 
with mimfcctcd,Ad.pgal at 2days. and /VdXOPP at2da^#,P < 0.05 
compared with AdjQ^l at 2 diQm, and AAEGFP at 7 days. There were 
00 sigmlirant (UiS^nocs between the PL protdn levels in the 
unlnHected group, and Al^aal or Ad^GFP (P > 021 (c) Immuno- 
blots whh mAbs to the of ryanodine receptor. Na/Ca exchanger, 
S£RCA2a. and calsequcstrin from crude merobtano of left venlrides 
after 2 ofin&cdon with5 x iQ^plii of either Ad^gfeal, AdJBOFP, 
0rAdJtSV.pL 

Pressnt^ Measuremrats^ Rats in the different treatment 
groups and at diScrcnt stages following adcnoviraL gene 
tnuifidfer were anesthetized with 60 mg/kg of pentobarbital and 
mechanically ventilated. The chest was then opened through a 
mtd-liite inc^on and the heart exposed. A small Indsion was 
then m^e in the apex of the left ventndc and a 2.0 French hi^h 
fidelity pressure transducer (Millar Instruments, Houston. 
TX) introduced into the lett ventrida Fti:ssufo mcasuremeais 
were digitized at 1 KHz and stored kxz further analysis. Left 
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Table 1. Systolic and diastolic parameteji 
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Uninfected 
Ad^gal day 2 
AiiPLday2 
Ad^gal day 7 
AdJL day? 



min"^ 




LVDF. 
mmHs 


+dP/dl, 
inml^g/sec 


-dP/tfu 


302 ±21 
286±19 
2702:26 
290 ±22 
342 ±3X 


92^± 3JS 
92,6 ± 5S 
58-3±I2.9* 
8SJ± 5.0 
5^2 ± a2t 


62 z 1.1 

63 3:1-6 
117±2.9» 

9.8±2J 


5.225 ±136 
5,108 ±167 
3i210±29S* 
5,032 ±234 
33^5±3lit 


-3.805 = 97 
-3,765 ± 121 
-2,117 ±178* 
-3.668 ±111 
-2ja5 X 154t 



f I msec 



18-5 ±1.0 
20.8 ± XI 
33.4 £ 
21.1 ±2.4 
32.4±1.9t 



nmximal nilc of rijc;-^dP/<lt, maximal rate of pressure fell; r, time coiutant of relaxation; n. number crfheSif^ "'^nrate, -hdP/dt, 

*P < 0.01 compared to uninfected and A±p^ day 2. 
Tf < 0.01 compared to Ad.^^l. day 7. 



ventricular systoUc pressure (LVSP), end-diastolic left ventric- 
ular pressure (LVDP), the maximal rates of pressure rise 
{+dP/dt) and of pressure fall (-dP/dl\ and the time constant 
of relaxation (t) were measured or derived in the different 
groups. The time course of isovohimic relaxation was mea- 
sured by using the equation: P ^ Poe*'^'' + Pb. where P is the 
left ventricular isovolumic pressure, Po is pressure at the time 
of peak -dP/dt, and Pn is residual pressure. 

Lent Ventricular Pimension Measurements. Multiple 
O-mm piezoelectric crystals (Sonometrics, Alberta^ Canada) 
^cre placed over the surface of the left ventricle along the 
Short axis of the ventricle at the level of the mitral vahre. The 
intercrystal distance was recorded along with the left ventric- 
ular pressure. Left Ycntricular pressure dimension loops were 
generated under di^erent loading conditions by clamping the 
inferior vena cava. The end-systolic pressure-dimension rela- 
tionshqi was obtained by producing a series of pressure 
dimenaon loops over a range of loading conditions and 
connecting the upper left hand comers of the individual 
pressure dimension loops to generate the maxima] slope 

Pr^aratton of SR Membranes from Left VMitrides. To 
isolate SR membrane from hearts, we used a procedure 
modified from Harigaya and Schwartz (10). Briefly, left ven- 
tricular myocardium was suspended in a bufer containing 3(K) 
mraol/litcr sucrose. I mmol/liter phenylmethykulfonyl fluo- 
ride,and 20 mmol/Uter Pipes (pH 7.4). The tissue was then 
disrupted with a homogcnizcr. The horaogcnates were centri- 
fuged at 500 X for 20 min. The resultant supernatant was 
ccnuifuged at 25,030 X g for 60 min to pellet the $R-enrichcd 
membrane. The pellet was resuspended in a buffer containing 
^0 mmoi/llter Ka, 30 mmol/liter sucrose, and 20 mmol/hter 
Pipes, frozen in liquid nitrogen and stored at "70*C Protein 
concentration was determined in these preparations by a 
modi0ed Bradford procedure (U) with BSA for the standard 
curve (Bio-Rad). 

HEstochemfstr;. Hearts were examined by immunohisio- 
chemistry to evaluate the expression of ^-galaoo^dase. Hearts 
were fixed with PBS containing 0 J% glutaridehydc for 30 mIn 
and then in PBS with 30% sucrose for 30 mlo. TTie hearts were 
then permeabilized by incubation in solution containing so- 
dium dcoxycholate (0,01%) and Nom'det P-40 for 15 m£o. Then 
ihc hearts were incubated overnight in a solution containing 
5-brORlO-4-chlcro3-indQlyl p-D-galactopyranosfde (X-Gal), 

and IQ^fLm sections were then cut and examined under light 
microscopy. Ltmgs, livers, and full-length aorta were also fixed 
and examined in a similar fashion. 

Western Blot Analysis of PL and SmiCA2a id SR Prepa- 
rations. SDS/PAGB was performed on the Isolated mem- 
branes from cell cultures under reducing conditions on a 7.5% 
sejjaration gd with a 4% stacking gel in a Miniprotcan n cell 
(Bio-Rad). Proteins were then transfened to a Hybond-ECL 
nitrocellulose for 2 h. The blots were blocked in 5% nonfiit 
milk in TRIS-bu&red saliite for 3 h at room temperature. Fbr 
immunoreacdon, the blot was incubated with lt2,500 dQutcd 
mAbs to either SERCA2a, Na/Cn exchnngcr» ryanodine re- 



ceptors, and calsequcstrin (Affinlry BioReagenis, Golden. 
CO) or 1-2,500 diluted anti-cardiac PL monoclonal IgG (Up- 
state Biotechnology, Lake Pladd, NY) for 90 min at room 
temperature. After washing, the blots were incubated in a 
solution containing peroxidase-labdcd goat anti-mouse IgO 
(dilution 1:1000) for 90 min at room temperatare. The bbtwaa 
then incubated in a chemQuminescencc system and exposed to 
an X-Omat x-ray film (Fuji Films) for I min. The densities of 
the bands were evaluated by using NIH imaoe. Normalization 
was performed by dividing dcnsitometrfc units of each mem- 
brane preparation by the protein amounts in each of these 
preparations. Serial dilution of the membrane preparations 
revealed a linear relationship between amounts of protein and 
the densities of the PL tnmiunorcnctivc bands (data not 
shown). 

RESULTS 

Cardiac Gene Transfer. In vtvo cardiac gene transfer was 
achieved by using a catheter inserted at the left ventricular 
apex and terminating just above the aortic valve. The adeno- 
viral preparation was injected as the aorta and puhnonary 
artery were cross-damped distal to the catheter tip for 10 s. 
During this period, the right and left ventricles became vwibly 
pale as clear viral solution perfused the myocardium through 
the coronary arteries. During the procedure, heart rote de^ 
creased from *^300 beat per minute (bpm) to '"SO bpm, but 
recovered to^baseline within 30 s of clamp release. Left, 
ventricular systolic pressure increased to «30Q mmHg and 
diastolic pressure to «»25 mmHg, Ventricular pressure re- 
turned to baseline within 60 s of releasirig the damp. To 
examine the distribution of transgene expression, we usedtwo 
adenoviruses carrying the reporter genes ^gal and EGFP, 
Adp^l and Ad.EGFP, respectively. As shown in Fig. 1, 2 d^ 
following delivery of Ad.£GFP with the catheter-based tech- 
m'que, the expression pattern observed was grossly homoge- 
neous. In contrast, when Ad.EGFP was dlrectiy Injected Into 
the left ventricular wall the expression pattern was localized, 
whereas the surrounding tissue exhibited no bad^round flu- 
orescence. 

Hearts were also examined with inrununohistochcinistry to 
evaluate the miooscopic distribution of transgene expression 
in v/uo. As thown in Fig. 2^ hictochemical staining of venteicular 
crosv-sccdons from hearts infocted with Ad.0gal (d^ 2) 
revealed p-gil activity in myocytes not observed in Ad PJU 
infected hearts. The distribution Of ^gal was hot uniform in all 
cross-secdons. Certain areas had diffuse staining, whereas 
other sections had a more patchy distribution ot expression. It 
is important to noU& that we used an adertovirus carrying a 
nuclear localized form of ^^a. Cytoplasmic ^-gal adivify is 
evident only in myocytes expressing the highest level of p-gal 
acth^lty. Therefore, a ventricular section duit typically reveals 
a small minority of muscle nudel may underestimate the 
uniformity and ttit level of nudcar /}>gal expressSoiL Tb 
evaluate whether other tissues are infec^c^ we histologically 
exammed sections of aorta, Ihrer, and lung following infection 
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Turn (Mc) 

Fra 4. Left ventricnUr pressure measurtmcnts from rats that 
were either uninfected (CON) or inlected with Ad.pgal or AdJ>L 2 and 
7 d^ after in£»ttoa as indicated. Hearts iahcted with Ad.FL had a 
decrease In systolic pressure, elevation of diastolic pressure, and 
prolongation of the relaxation ph^. 

with Ad-Pgal. There were no histological evidence of ^gal 
activity in the aorta; however, j3-gal activity was present in 5ie 
liver and Iiuigs (data not shown). Infected rat hearts demon- 
strated an inflammatory response (7 days > 2 days pCtetinfec^ 
tion); however, there was no evidence of disruption of normal 
myocardial arx^iitectuie or collagen depositioru 

PL Overexpression. By using the techaiquc described above, 
we transduced rat hearts with an adenovirus carrying PL 
(AdJ^L). As shown in Fig, 3a, infection with Ad^gal or EGFP 
did not stgnificantly alter the amount of PL in the rat hearts, 
whereas mfcction with Ad.PL increased the amount of PL by 
'^2^- to 3-fbld The increase in PL was also sustained at day 
7. Quantification by densitometry of the immunoblob, de- 
picted in Fig. 36, shows an increase in PL at 2 days and at 7 da>^ 
when compared with uninfected hearts. To verify that over- 
expression of PL VI vfyo does not affect other proteins invoked 
in nmintaining intraceUalar caldum homeostasis. Western blot 
analysis waa performed &7r SERCA2a. the ryanodine receptor, 
calsequestno, and the Na/Ca exchanger. As shown in Fig, 3c, 
infection with Ad,PgaI« AdJEGFP, or AdJ>L did not aJffect the 
level of these proteins. 

Effects of PL Overetpression on Hemod^amk Mea^nra- 
tqents. We next examined the physiological consequences Of 



CON 



AdPL 



n/vw 



rj n n A n A 



AdPL 4^160 

1*/^ /I n ri A A / 



Fio. 5. Left venbicu|»r pressure mcasaremonts ^n'ng infusion of 
O.X fi^/kg/tnin of isoproicrenol in nn uninfected rat heart and rat 
heattt inlected with AdPL (5 x 10» pfu, day 2). 
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adenoviral gene transfer of 0-gaJ or PL to rat hearts in vivo. As 
shown in Table 1, ^-gal infection did not alter heart rate or any 
of the hemodynamic parameters cxandned compared with 
uninfected hearts at day 2 or day 7. Infection with AH PT. did 
not ^ificantly change heart rate at 2 days; however, at 7 days 
foUowing infection with AdJ»L there was a trend toward an 
increase In heart rate. As shown in Fig. 4 and Table 1, the LVSP 
was significantly decreased in hearts ovtrexpressing PL at both 
2 and 7 days following infection, whereas left ventricular 
diastolic pressure (LVDP) was significantly increased in these 
hearts when compared with uninfxtcd controls and to hearts 
Infected with Ad.j3£al. The peak rate of pressure rise (+dP/ 
dt), a reflection of aystollcfimction, was significantly decreased 
in hearts overexpressing PL at both 2 and 7 days. The peak rate 
of pressure fall, an Index of diastolic function, was signifiamtly 
decreased in hearts overexpressing PL compared with unin- 
fected or A4.j3gal-infected hearts. The time constant of relax- 
ation, Vfhich is an mdex of active relaxation, was sign Ificaotiy 
prolonged in hearts overexpressnig PL compared with unin- 
fected or AxLpgal-infcctcd hearts. 

EOTect of Isoprotercnot To verify the specifidty of the 
profound hemodynamic effects observed after PL ovcrcaqjies- 
sion, we pharmacologically inhibited PL with isoproterenol, 
indudog the phosphorylation of PL thereby removing its 
inhibition of SERCA2a. The ventricular function after isopro- 
terenol reflects the inliinsic SERCA2a activify. Therefore, 
induction of PL phosphorylation by isoproterenol should result 
in the same hemodynamic profile in both Ad_PL and unin- 
fected hearts, reflecting their similar and unaffected intrmsic 
SR ATPase activity. As seen in Fig. 5, isoproterenol increased 
LVSP and relaxation In hearts overexpressing PL (203 ± X4 
mmHg) to the same level as in uninfected (212 ± 12 mmHg) 
hearts. In addition, the isovolumic rclaxatioQ parameter t in 
hearts infected with AdJ'L (12.8 ± 1^ ms, n = 6) was 
decreased to levels similar to uninfected hearts (13.0 ± 1,1 ms* 
n « 6). 

Frcssure^lmendozi Relationship* To further define ven- 
tricular function, pressuro-dimension analysis was performed 
in a subset of animals. The relationship between developed 
pressure and ventricular dimension under different loacliag 
conditions allows accurate assessment of systolic and diastolic 
function. Fig. 6 shows a pressure-dimension relationship in an 
unlnfectedheart and a heart infected with Ad.FL at 2 days. The 
pressure-dimension loop is shifted to higher ventricular di- 
mensions in the heart overexpressing PL. To alter loading 
conditions, we damped the inferior vena cava in the opeo- 
chested animab, thereby rcdudng ventricular volume. This 
procedure enabled us to calculate the maximal end-systolic 
pressure-dimension relationship with a series of measure- 
ments made under varying preload conditions. The maximal 
slope of the end-^stoilc pressuie-dimension relationship was 
lower In hearts overexpressing PL, indicating a diminished 
State of Intrinsic myocardial contractility: 72 ± 2X mmE^mm 
vs. 128 ± 24 ramBfe/mm In Ad.FL-infcctcd hearts (n « 6) 
compared with uninfected hearts (/i « 6) ^ < 0.05]. 

DISCUSSION 

In this study we used a cathetcr-bascd technique to achieve 
global cardiac transduction with recombinant adenoviral vec- 
tors. Transgene expression was diffuse and relatively Iwmo- 
geneous throughout the nQfOcardium, Importantly, transduc- 
tion with adenoviral vectors carrying reporter genes did not 
s^lficantfy alter any of (he physiological parameters. In 
contrast, cardiac overexpresslon of PL at 2- to 3-fold the 
endogenous level dramatically modulated global left vcotnc- 
ular function, recapitulating many of the abnormalities of 
human and experimental heart £ailure. 

Cardiac Gene TnuufSer. Although prior studies have dem- 
onstrated the feasibility of cardiac gene transfer, the gcn<^l 
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FlO. 6. Left vcflbrictilar pressure vs. left ventricular dimension 
detected by ptezoelectrio crystals in a control uninjectcd bean and in 
a heart infected with Ad-PL (5 X 10^ pfti, day 2) under different loads 
obtained by clamping the inlodor vena cava. 

utility of these approathcs ba^ been limited by either very fbcaJ 
expression after in vivo transduction or the requirement of €x 
Wvo infection for more diffuse transductioii (12-15)^ Intni- 
COiOnary catheter dcHvciy of an adenovirus encoding ^^al 
adlieved transduction of about 30% of the myocytes in the 
distribution of the coronary artery (12). Direct injection of 
adeoovirus into the ventricular v^raJb also induced significant 
expression of reporter constructs; however, the expression was 
focal and the Injections within the myocardium cause needle 
damage (7, 8). More recently, Donahue et al. (15) reported 
effective gene transfer to the heart by using intracoronary 
perfusion in explantcd hearts at physiological temperature. 
This group identified a number of pzirameters that influence 
the efficiency of adenoviral gene transfer. These included (i) 
the use of cxystaUoid solution as opposed to whole blood, (u) 
coronary flow rate> (lii) exposure time, (tV) virus concentra- 
tion, and (v) temperature. The success of the approach de- 
scribed here may reflect optimization of these parameters. The 
amount of virus used was 5 X lO* pfu diluted in 200 */tl of 
solution and 150 ftl from rhe left ventricular blood volume, 
resulting in a final concentration x lO'** pfii/mL The 
concentration of the adenovirus was not diluted during the 
crofis-damping because blood return to flic left atrium was 
minimized by the simultaneous clamping of the pulmonary 
artery. This concentration of vims is high compared with 
previous studies (7, 8, 15). In addition, the blood was diluted 
Xhwby decreasing the inhibitory effects of red blood ceils on 
the cfBdcncy of gene delivery. Even though we did not directly 
measure flow raie$, cros^clampmg increases pcrfiisioo pres- 
sure down the coronaHe$, allowing maximal opening of cap- 
illaries and optimizing the myocardial area of virus exposure. 
Furthermore, during cross-damping the heart rate was de- 
creased, thereby increasing diastolic time. During diastole, the 
left ventricular CAd-diastoltc pressure was not lignrficandy 
Increased because blood return to the left ventricle was 
blocked by dampbtg of th« pulmonary artery. Thereforo 
perfusion of the virus could occur at relatively low downstream 
pressure and the endocardium could be effldently Infeaed. 
Because attachment of die adenovirus to ceils h temperature 
dependent; ddrvering the virus la vivo allowed us to use the . 
optimal temperature for adenoviral gene transfer, 3TC 
Donahue etoL (15) have also shown that in vitro exposure of 
10 s at a concentration of 10'' pfO/ml results in «60% 
transduction studies. In the present study, where the delivery 
conditions have been optimized, the exposure time was 10 s at 
a much bigher concentration of *'10"' pia/mL In summary, 
maiqr of the critical parameters prevto»isly charactenzed as 
Important fior efifecth^e gene transfer to myocytes, in vitro or er 
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vh/o, are optimized during the described approach to cardiac 
gene transfer in vruo- Undoubtedly tiiis contributes to its 
success and raises the possibility thaiZn I'fi'O global cardiac gene 
transfer wlfl be feasible in otiier experimental or even clinical 
settings. 

To assess the degree of gene expression with the delivery 
method described, we used two approaches. First, we visual- 
ized (he whole heart by fluorescent microscopy after injection 
of AdJBGEP. Second, we used histochemical stainmgto assess 
the microscopic distribution of iransgene expression. Ad- 
JEGPP infection produced grossly homogeneous expression. 
Of note, injection of the hearts with other vinises (canymg 
genes other tiiao EGFP) exhibited no background fluores- 
cence in this emission range, and direct injection hito the 
ventricular wall of Ad£GPP demonstrated intense green 
fluorescence at the site of injection but no background fJuo- 
Tcsccnce In die surrounding tissue (Fig. 1). To furtli^ evaluate 
the microscopic distribution of transgene expression in vivo, 
the transduced hearts were examined widj immunohistochem- 
istry. We found that the distribution of ^-gal staining was not 
uniformly diffuse in all cross-sections. Certain areas had 
diffuse staining, whereas in other sections a more patchy 
distribution of expression was observed. This staining may 
underestimate \hc extent of transgene expression both because 
tiic nudear-tocaiized ^-gal construct used exhibits cytoplasmic 
aaivity only in highly expressing cells and because hfetochem- 
ical siaining of P-gal is rclativelv insensitive. Lower levels of 
expression may not be detected by tiiis method but may be 
sufficient to induce physiological changes, depending on the 
transgene expre^ed. Together our data with reporter con- 
structs demonstrate high^ effective gene transfer lo adult rat 
hearts in vivo in a relatively homogeneous distributioru 

Even though our delivery method was specifically targeted 
to the heart, we found expression of the reporter transgene in 
other tii:sues in the body, such as lung and liver but not aorta, 
by using histochemical staining. Other investigators have 
found extracardiac transgene expression following in vivo 
injection of adenovirus into the heart when using a nonspedtic 
promoter (16, 17), The use of tissue-specific promoters miy 
obviate this problem in the hiture. 

PL Overexpression. Although such effective cardiac gene 
transfer with reporter constructs is encouraging, ultimately the 
utilltjr of this approach depends on the ability to achieve 
functionally meaningful (expression of biologically relevant 
transgenes.* As a rigorous test of the system we diose to 
overexprcss PL, an integral component of the SR thought to 
act onftr on tiie cell in whidi it is expressed. Expression of a 
secretory protein or a molecule with a significant bystander 
effect would be predicted to requh-e less effective transduction 
to achieve a biological effect Despite the stringent require- 
ments of cell autonomous activity, FL had a dramatic e&ct on 
global left ventricular function. 

PL is an integral protein of the SR of mammalian nnjbcar- 
dhun and regulates the Ca^-^ ATFasc that transports Or^ into 
Uic SR (3. 4). In the unphosphorylated state, PL inhibits the 
SERCA2a hf redudng its affinity for Ca^*. Phosphorylatfon 
of PL at eftber the Scr-16 site by cAMF-depcndcnt protein 
Itinase or the Thr-17 site by calmodulin-depcndcnt mecha- 
nisms removes the inhibition to tiie SERCA2a. PL has been 
shown to be phosphorylated in situ and to contribute signifi- 
cantly to the positive inotropic response and the rclwtani 
effects of j5-agoni»m hi the working heart (18). The expression 
of FL relative to SBRCA2a has been shown to be altered in a 
number of diseased states (4, 19). Both human and experi- 
mental heart Mure are assodated with an increased raiio of 
PL/S6RCA2a and are diaractcrized by a prolonged caldum 
transient and impaired rdnxation (20). In previous studies we 
have shown that increasing leveb of PL relative to SERCA2a 
in isolated cordbmyocytcs prolonged* the relaxation phase of 
the Ca^^-transieni, decreased Ca^* release, and hicreased 
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resting Ca^"** (6). These abnormalities recapitulate in single 
cells many of the fundamental pgttioplrysiobgic abnormalities 
seea iaheartf^lure. In the present stu(fy,overeixprcisslon of PL 
resulted in a decrease in systolic presture. an increase in 
diastolic pressure, and a large increase in the time constant for 
isovolumicrelaxatioiL IsovoJumjc relaxation* which is an Index 
of active relaxation and reflects die removal of Ca^^ from ihe 
rayoffilaments into the SR, was significantly prolonged in the 
hearts overexpressing PL. This finding was also evident in the 
pressure- dimension relationship, which was characterized by 
a slowed eariy diastolic decline and opening of the mitral vahre 
at higher filling pressures. The decrease in systolic pressure 
most iikely reflects a decrease In SR Ca^^ loading. The 
SERCA2a is unportani both during relaxation by controlling 
the rate and amount of Ca^"*" sequestered and daring contrac- 
tion by releasing the Ca^"*" that is taken up by the SR. 
Overexpression of PL decreases SmiCASa acthrity, ultimately 
resulting In diminished systolic pressure and elevated diastolic 
pressure. In animals overcxpressing PL> diastolic pressure was 
also elevated. PL has been shown to play a key role in 
modulating the respoi^e of agents that increase cAMF levels 
h) cardiomyocytes (16,21). Because cAMP-induced phosphor- 
ylation of PL reduces Its inhibition of SERCA2a, we evaluaied 
the effects of isoproterenol on the ventricular performance in 
hearts overexprrssing PL Ar maximal isoproterenol stimula- 
tion, the time course of isovolumic relaxation was decreased to 
levels similar to uninfected hearts and the LVSP was increased 
to levels similar to uninfected hearts. These results strongly 
suggest that the abnormalities observed in ventricular function 
in the hearts overexpressing PL are spedficaily the result of 
FL-mediated inhibition of SR ATPase. Pharmacological re- 
lease of this inhibition restores veiitricutar function to the same 
level as uninfected hearts, reflecting the intrinsic SERCA2a 
activity that is the same In both cases. 

A . transgenic approach of overexpressing PL has been 
undertaken In mice. However, adenoviral transduction offers 
several advantages. In transgenic animals overexpressing PL, 
developmental adaptation to higher levels of PL occurs with 
up-regulation of other important excitation-contraction pro- 
teins Such as the ryanodtae receptor, thereby masking or 
dilutiim the effects of transgene overexpression (22). More 
recentfy, transgenic animals overexpressing another key pro- 
tein invoked In calcium regulation in myOCTtes, 5ERCA2a, 
have been shown to induce increases in the mRNA for PL and 
the sodinm-caldum exchanger (23, 24). These compensatory 
alterations* make it difficult lo assess the specific effect of 
increasing PL on cardiac fimction. In our studies, overexpres- 
sion of PL did not signi^cantly aJcer protein expression of the 
ryanodine Ca^+-releashig channels, ^RCA:^ Na/Ca ex- 
changer, or catsequestrin, which are all hivoKed In intracellular 
calcium handling. However, adenoviruses have significant 
(llsadvantages that inciuda the transient nature of overesq^res^ 
Sion of the deylreU gene wi the imraunc/inflainmatory re- 
sponse they produce and which was also present in our infected 
hearts. These shortcomings of the first generation adenovi- 
ruses hmh their use (n animal models over prolonged periods 
oftime. r ^ r 

Although we noted extracardiac tmnsgene expressioo, it Is 
unlikely to account for the phenotype we observed. Although 
PL may regulate the SR Ca^+ pump in aortic smoodi musde 
cells (25), we found no histocbemical evidence of iJ-gal ex- 
pression in aottae. There is no known fimctbnal roles for these 
pathways in liver or lung, where we did detect cxtmcardiac 
transgene expression. Moreover, we examined Indices of sys- 
tolic and diastolic ventricular performance that are Indepen- 
dent of load (or changes in aortic compliance) and reflect 
Intrinsic cardiac function. Our physiobgical data demonstrate 
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the f easibih'ty of achieving important functional cardiac effects 
through in vivo sonfiatlc gene transfer of a cell autonomous 
protein. Moreover, the abnormalities developed after PL 
overexpression in vivo reflect the abnormalities seen in exper- 
imental and human heart feilure. Therefore, somatic gene 
transfer with AdJ>L can create both in vitro (6) and £n vfw 
models of heart Mlure that should facilitate studies of patho- 
physiology and investigation of potential therapeutic interven- 
tions- 

Condnsion. In conclusion, the present study demonstrates 
highly effective gene transfer to rat heart in vivo. By using this 
technique, we overexpresscd PL, thereby recapitulating many 
of the abnormalities observed in heart failure. Together these 
studies open the prospect of using somatic gene transfer to 
modulate overall cardiac function in vivo for either experi- 
mental or therapeutic applications. 
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^fNGENEIC HEART TRANSPLANTS: EFFECTS OF ANTI=CD4 
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^Background. El-deleted adenoviral vectors are fre- 
^iiently used for in vivo gene therapy. However, gene 
|lq>rccsion after adejaovirus- (nd) mediated gene 
lansfer is known to be transient due to the generation 
fan immune response against vims-infected c^ll^; J? 
e study^ we asked whether an anti-CB4 mAb OSiB 
) treatment may imptove the gene transfer into rat 



^Methods. We iujected recombinant ad-constructs en- 
^^ding for Escherichia coU ^gal into syngeneic rat 
iSiart transplants via tbe proadmal aorta. One-half of 
He recipients of genetScaUy modified grafts received 
he anti-CD4 mAb RIB 6/2, whereas the other half re- 
hvijved no mOAOclonal antibody treatment Genetically 
^iimodified isografts without any treatment of the re- 
' sttts were v^ed as additional controls. Aft different 
^£Y™e points hearts were harvested and analyzed for 
^porter gene eacpression, ijitragraft cellnlar ixxfiltra^ 
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tion, and cytokine gene expression (cjuanti^tive "real 
time" reverse transcriptase polymerase cham reac- 
tion). Serum samples were analyzed for anti-ad-Ig us- 
ing ttozyme-linked-inmiunosorbent-assay. 

Results. In ccmtrol axwmalA the p-gaL reporter gwc 
expression siowly increased until day 7 and then de- 
clined. The immnnohistological and reverse transcnp- 
tase polymerase chain reaction intragrafe analyses re- 
vealed a strong inflammatory re^ons© (ceUoiar 
inffltration, cytokine ea:pression) in aa-transfected 
grafts that may ejcplain the delayed expression ajad 
fast down-regolation of the transgene. Treatment with 
EIB 5/2 mAb resulted la a faster and prolonged re- 
porter gen« expression, redxwsed graft infiJtratioji, re- 
duced anti-ad-Ig titers and less intcrferon-y up-regu- 

^Cor^clusions. Owe results indicate that naodulation of 
the anti-ad immune response using a nomdepletwag 
anti-CD4 mAb may increase the efficiency of ad-vec- 
tors for gene therapy In the transplant settxzig. 

The possibility to transfer genes into organ grafts has beea 
an attractive approach to modulate posttransplant events. 
Poteatial therapeutic appHcatioas include reduction of the 
Sschemia/reperfiiaioa injury, pxcvention of acute and chroaxc 
rejection, and induction of tolerance. However, effective gene 
therapy requires an effidenb system of gene delivery and 
transgeoe expression withia the graft Recombinant adeno- 



Received 09/18/2003 17:20 in 22:58 on line [53 for SH01973 printed 09/18/2003 17:51 
09/18/03 15:24 FAX 303 410 6867 MYOGEN, INC, 



Pg 11/41 



Qoii 



192 



TILA>;SPl_VNTATION 



•/iiTises havtf prowd 50 be reliable vecxora for :j\n;(;c«sful geiic 
a-ansrl^r into ililTereat dssuets before crcuusplnnUiuoini^^V 

Comp;ired with other {jenc n*anster Systems, recomblrumt 
ad^noviniaes have several advantajfe^j. Adenovirus- tad) vec- 
cors are able xo aansduce nun replica tii*e cell5- Moreover. 
Bi-delercd ad-vectors arc rut^UcatioiiHieficicnc mul can be 
t^rjvvn 10 high ritei's M). AdenoWi-uses arc usmdly not iucor- 
porated Inco cbe hu«c cell genome, thus avuidin;,' the risk of 
ini»ertionai mutag-ene^U. Dia«dvantages of ad-oiediuted ^nc 
transfer include the ti-na^ienc cransgene expre.ssion arid tha 
immuno.^Dicicy of transduced cells. Tlio rcsuUiuff immune 
J response is coinpn;?^>d of both the jjeneration of CT1» againsr 
virally transduced celLs and the dcvelopmeat of a neucraJis- 
ing anribody response 10. 6^, 

In the transplant siuxadon tlie gene transfer approach is 
even more complicated. The Lrchemia/repernision injuiy in- 
duces a local inflammatory r^:>pi>n5e that ftirther increases 
the immxmog^enichy of cho lui-transtected colls m the gm ct 
«rK Moreover, proinflamnuitory cytokines, in particular in- 
corferon-y ilFNyi aiici zumur necrosis facto r-ir iTNFa). may 
dowrt-re*/uiace the CAfV-IE promoter that is con\monly used 
rV the control of the u^aas^ene iS.$h In prelimimuy studlc:i 
we tibserved a delay^cd reporter trajia^ne expression in 
cransipiants la comparison to non transplanted organs, even 
in the synsjeneic models. As the Immunomodukicoi'y activity 
of tiio cmnsj^ene is especially required immediately ailcr 
ti'on.splnn Cation, a delayed craiiiJgene exprestfion reduces its 
therapt*utic xMIicncy. However, a strong antiviral iaimuno 
rcsponi*e uU» --supports alloixiacxivicy. Therefore, the vul-nie- 
diated ;rcne criinster approach is Hmiced iu the tranKpUuic 
socring. 

Several utrataj^i en hav« been developi^d in nontrajiaplantn- 
tion modeln ta oveixomti the immune rowpunsc to ad-vuciont 
including the blockade ot cii^ti inula to ry sitjnaLs lo T cell:* by 
CTLiV4-Iij» .Mod the npplicaciun of depJetin^ or non-deplelinir 
:mti-CD4 a^Ab I (0-12). We vvondcrcd whether a nondeplet- 
in;j anti-CD4 nvAb uyed ac a low done (iOx I. mj?/kij/Uuy> 
which is not able to induce lonij-tenn allo^mft survival, nioy 
improve the efficacy of ad-mediaced i^ene transfer into t:ar- 
diac groixs. We found that low dose anti-CD4 mAb treatment 
improved the early and lace cransgene expression, reduced 
the ^ait Infiltration and the anti^d*ancibody re^ponste and 
attenuated the Incro^jraft up-regulatlon of IFN'r. Thi$ ap- 
proach may e^and putative applications of ud-mediated 
gene transfer iu ollocraAsplantatioa models. 

i\UTEWALS AND iCETHOTDS 

,\n(^tfaU, yicde inbrea; t*acs of the Lewis iRTV) and the OA 
iRTl"*^>.i^aetk bodc^pfOuoU u^d S-l^ vreeks, wcro purchased (rum 
MoUegaard Breedlii*r Centre Ltd.. Ry. Du nxnark, and \vcre used fbr 
jiyn^neic and aUo^neic htsart fcransplancacian. 

Adunouiral a^Tt^if- Put ^ne tmns&r studies i-eeomhlnnot £1- 
deleted. UnC-i^nGratiim repticadoa-incOmpeomt od Lvpe 5 vector 
un^ptxlinj^ for Euchttrichia caii gS^^i under che i:oacrgt KtC Uze human 
CMV-lE promoter f.id5CMVjE^^> was used- Viruses warn prftpa- 
$ated. puriOed. und ttte-nsd on 293 cells an describpd pn.*viouiily \4K 
Virus concentradon *<vas decvnniiied by CD ^ttd by plaquii ;i$say. 

mAb tmiimcnf. RIB .V2 in nondeplccto^ inou.He aoti-ral CD-t 
OlAby w--as punfted fr^nr ascites by proceia A ndlOtQ^ chromataf^vaphy 
and chtf concootraUoa wsuj dcccrmiiied by cnzynitf-linkctl''tminu- 
aosorbeut-asuiay <ELISA) usln^ l|^'2a ;{taadartl^ (Stinuu. Dcisufl- 
bufcn. Oernumy ) f /X /•/). 

Animals grafted with nd-infected :syn;^neic Iwartu on iby n ucc 




Mowi n?cei\-eil iniiHXion^ i. p. u idi 4 la-^'kiKu* R[B .v2 liailv 
-1 lo day :J and ihcn'iulor fvvHco i)4?r -t-uolc for Z "sro^ks 

LnraUd \Tith RIB -Vi. 



--inimalj received athiaiucriid izvaks '.ruhout RIB -Vi \rfaun^!^**?^ 
other control ^roup rccL-ivuil noncrnn.*:focccu -^rai'ts .lnd *^ 
LniaUd \Tith RIB -Vi. 

aud alloifaneic lU'CCrotopic hertix ii*an2fplani:nnnn WitB pirftrr^A^- 
hiff standani raigmsili^jicul tcdiniiiiie with ctid-u>-^ide aaautoQ«2! 
ofaurra ;ibdrtniinuUti ir»Hnpiontl t» anrui 'ilnnijr* :iftd vcna cavaT** 
vipicnt) to arreiia pulmonalij ulunurt 1/5 1. ''^ 
For vivn ;rentf transicr hcttrtH pn^piiivd irnin ?hc donors we,* 
riiucd with pruluctive iioluciun iCusitotiiot. Dr. Franz Kuh{c-r Qvni* 
Gf^ibH. .Msbaeh-Hahnlein, Of?rmanyi. Alter uiiuirrioa of SxiqS 
plaque forming um'ti (pfuJ of c»d5CMV;Jjpl intn die donnr aorta fron 
^niuuls uf thif first and i^xoad ip-niip, heterotopic htart transpi^^ 
tniion wtttf pi^rforraed fn the abfloruiiuti Ii>calj*zatiiin. The Cold ijch- 
craic riTOtf w;ii abouc t50 min. Ui-U'C .-jun-rval waa checlced ^ 
weak vmiW the cad nf tlw iiivtorvMtiun purind, 

SynijeneCc rcctpifOta 'A-urr kUlcd at ilavs 7» 14. 21, 21 and 55 
:ind utlu»«fieii.* rcciplenus at dn\-s ;! nnU o. rnspficdvelv. The htan 
transplants uere rxMniu-e^l :uul rimiiMl .vlch phorfphutf^bucered j*. 
liao iPBSJ. TllO htt^al and apic-il ^tunruna mhmit ,1 mm •rachj were 
*?t»paratcly embedded in OCT compimndi Life SciLMice»s Intemational, 
Europtt. LTD. Aarlnioor. Enjdand) ;uid .^mip-fniZcn in liquid nichigei 
for X'giil stainlnj; at\<i tininunahUciH'hcmisilry. Phi* raid die part of tbt 
heart cmnilpIanL was an:il\-tLnl dw E tttO t^-^l piiKvin t».-nredsioa 
ONTO 

.script.n;je pol>-mcrnite uhnin reuaiun *RT-pi;K» t;(Lvlw!uwJ, 

hi Htttt X'jfat ttaittin:!. Ol^'ii^tat 5stn:litins vrorty MuxinLHl forX*gaI as 
described befiirc * /^l. Bnedy. mU iW-titW thick .^»cui)n^ oi" the basal 
and the apical pure wcix* cut ;a i(W>-ti.in inD:iv;iU. -Specimens wetc 
- fixed in ao^rtmo fnr A min :it :uul ihi-n rin.*?!-*! twice with PBS. 
Aaer suiinitm In a <nlutziHi of l..! mil Iv-FiH .">'»,,. 1,5 mil 
KiFrt CXj^. U/J mil Ms< 'U 400 fii^ml ICtpd in Piiy Tur 24 KK ac 37°C 
j^OctiiJUH wcix" rin^etl irl wnter miil ctinntcrxuitncd tvuh Iitf/nalaune. 
GIuD-suilncd cell;! iiidicartxl thv prCfJciiCL* uf li-ipni pmtLMi: c^niressiaiL 
Fur i|u;mliLaitvo nn;dy:«ia. chu (otnl uiinihor iifprwiuvo stained oelh 
vviui councml Ivrcuch tH*ction umlci' lijfhl inicnwcopi* anil normatized 
Ibr the :irea. The :in?;i ufciich scclu>n wan tncasut-fd u^ini; uNikao 
SMZ-lUA mtcruKCope witli :i ilCr> ct»Ior viuiiin c;ira»ini mthluU 'Doa- 
pUKo. Sr;nyi. ILich tma^* \v;u ;uud\*zml iisin;f Bio.'tcruiOptijxuifi (Bb> 
ticiio, Inc.. Paardc'wcide. Notl'.vrlands* iiolbvarr. 

tt-ttitropkanni.fi-fj'^aiuvfOifiUi {ftuJy.six tO'SPU ff*wayi. For 4iUUlr 
titntive ffportcr .qene i»cprcsd ion ntuditi^ heaiTS were analyzed fin 
expression i:f fJ-^ol xnang an 0(^0 ;ib?%ay. $pecin\cn^i were homo^ 
nizod in O.I M potassium pho<;phacA> buiTur with U.^'^ Triton X-IOC 
IpH 7.S* and OJ^ mA< prntcaare inhibitor. l-|*^-ajnii\ucth>-lf-ben2ezifiiit 
lunylfluoridh^'drOcbloride (Boeb ringer Mannheim. MannKelm, Ger 
manyi. Cell lysace^ were then ceDcrifu;pxl nt Itf.OOO *• » for 10 ndnji 
4*C, For heat tnuctivation nf eadt>gcauud ^±^1 ncLlvi^ jitpemaiaitK 
wore incubacad tor HO min at 4S*C and cheil ccntri/u^ed at I6.OOO <i 
for 10 mla at 4''C. Enzyinadic activity m' the ^uperoatontd vms aia*- 
sured in a reaction volume of 1 ml oontfUdni; of 30 pd cell ly^t^ ^ 
fd PM-2 buflcr i23 mM NaKJO^ 77 mhl Na^ttPO^. 0.1 mil 
2 ittMi^SO,, 40 mM ^i-merc-ipcotschaiujL O.l'* Trium X-lOO. pfiT5 
and 200 pJ 0^fPO-4olutlao i4 mjs/ml OMPG lo PM-S-buITerV Aftcr^^ 
inin nt yrO. the reuctlan wad stopped by adding 500 ;xl 1 H Mo^CO^ 
Tlitt opdcal dtatuty uf each sample ivaj then read at 4'^ Am ^ 
determine a<ct(vlty a« pnEviooisly ddscrfbed « itf>. Audvity wotf ni)nt>s5 
tzed fnr protein coaccntracion. which was determined u$1n^ the ^ 
cro BCA Protein .^Ksuy flea^enc Kir ( Pierce, RDckTord, ILl. 

fmmimnltisioc/uimLtrry, An olkalinu phtiophatoife nndsilkali*^ 
phovphataiSQ • APAAP) technique wo* twod to anid.vrc cellular 
inAltraiton. Tho tj-,ujn thick «;ty*>itat tfrnionn of the dplcal port 
lutcrl in acetone Ibr 10 min ut no«ira tumpemrure. To MoiM nonspeciS 
antibyly biodin;;:, ilulcs were tacubatcd to 20'.> r:ihbtc Htnim/F^VO? 
buffer 10. l'> iMtuVn, I'ft fctaJ calf dcrum hi l*3S) for tJO min. Secdiw 
ware Incubated wich muu±ie tuidboditis ngnitl^rt mt T cell rtcuptor 
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^/r73). CDS-^ C341), p55 diain af mterlGuldii- tIL) 2E IART16), 
- i juacrophages, moojocyies. dendritic cells (EDI) for 30 min. Hy- 
I calls wers kindly pxOrWded by T. Hunig/WUr^urj and T. 
lantstein/Berlixx, respecavely- Slides «ere washed tliree times 
^ buffer, then incubated with the second aotibcdy (rabbH anti- 
fmmanoglobnlin, DAKO, Hamborg, (j^rmaay) at a 1:50 dilu- 
(containing 10% rat senun) for 30 min- After extensrre washing, 
^oDfl «^ere incubated with APAAP complex (Quaiteti, Berlin, 
^^nany) at a dilution of 1:50 (conUlning 10% rat serum) for 30 min. 
APAAP reaction was visualized with New-Fachsin and naph- 
[phosphata. Slides were counters^ned wich hemalanns, dried 
enibedded la ^lycerole gpslaune. The tififiuc aecrione were evalu- 
under the Uijht microscope (magnification 400) by counting 

calls of an area of 0.8 mm*, 
j/iotriruff £L/Si Ad flnxigeQ (ad in PBS» sonicated for 5 min) 
TBSXispended in carbonate bnfTcr (34 mM NaiCOj,, 16 roM 

1^ pH 9-S) to a final ctmcentration of 40 ng/lOO fl. EUSA 

itaa wei« coated with ad-autigen by. pipetting lOO ;il/wcll and 
;ed overnight Plates were washed (wash buffer! PBSA),06% 
20) and then blocked by adding 200 fUAvEll of blocking buffer 
^rgs^ 0.5% bovine aenmi albumin (BSA), 0.05% sodiuma^de, and 
akim milkl for 1 hr at room temperAtur^. After washing serial 
__ation5 of the aerum samples (in PBS/1% BSA) were added lo the 
^veDa and incubated for 1 hr at room temperature. Then the plates 
'"were incubated vath lOO ^l^v^U of sheep anti-rac Ig POD Fab frag- 
' its (Bochringer Mannheim, dilution 1: 1000 in PBS/1% BSA) for 1 
tt. After an incubaiioa for 15 min at room bampcroture with 100 
T(iywell OPB-solution (2 mM 1,2-phenyiCAdiamiAe, 49 mM citric add 
fH^O, lOO mM NaJETPO.. • 2 H^O. O.OS^fc HiO.) the reacdon was 
^^pped with 50 /ilA^ll O.i M Jl'SO^. Plates were then read at 492 
^ma en a plflte reader lanthor reader 200 1, Salzburg, Austria). 

QuantiUUivtt JtT-PClL IFNy and TKFa gene transcription in the 
^gyngeneic rat hearts were analyzed osijij quantitative "real-time" 
5BT-PQt using the Taq3dan system lPerkin-£lmer Applied Biosys- 
^tem^ Btfoersheim, (jermany) MH Total RNA woi? prepared from 
Ifbiopsiea of each graft uaing RNaid-ldt (DionO^a, Hamburg, Ger- 
rg'many) and reversely transcribed into cDNA by the moJoney murine 
leukemia viriii reverse tramscriptase iCHbcoBRL. Heidelberg', Ger- 
gmany). Hie cDWA was then analyzed for cytokine gene expression 
I the *real time"' PCR. Primers and oUgonucleotide hybridization 
s were designed usin^ the software pcuxhased by the TaqMan- 
Suppliar (Perkin-Elmer Applied Biosystem). All other PCB reagents 
^ere obtained from Boehringer Mannheim. Tubes of amplification 
actions caS >U) contained 1 ;il of the dDNA sample, lOx TaqMan 
r A (2.5 pX\ 800 dOTPs (dATP, dUTP. dCTP, dGTP), 6 mM 
'^MgQ^ 0.626 U AmpUTaq ^old polymeraae, 0^ U AmpErase uracil 
"t^-^brco«yla« lUNG), 0^ pM probe, 300 aM sense primer, 900 nM 
ntiaense primer. MicroAmp optical tubes and MicroAmp optical 
Tebp9 CPeridn Elmer Applied Bio^tems) xtw^ used. The thermal 
icyding conditiona indiided 3 min at SO'C and lO min at 
f&Qowed by 40 cyclds of 95*C &r 15. sec and 60^0 for 1 min. JKeacBona 
^pere performed in the Model 7700 Sequence Detector GPerHn Elmer 
"^AppHed Bfoeyatems). The cycle nmnhsr at wMch the report Euo^' 
kiescence crosses the threshold (Cx value) was used for quantitative 
{naeasurement. Value? ai^ giveQ a$ delta C^ leveU of t7N7 er TNta 
^vetfiua GAFDH (housekeeping gene) ^pression. 

StatUtictd anttfyois. Values are reported as mean±SD. Group 
; word performed using the parameter-free U test, Dif- 
^^tenees were conaidered significant at P<0.05. 

RESULTS 

Khietics of tnxnsgene expression, in the heart transplants 
tafter adenoi^irvl gene transfer. Successful gene transfer and 
r^ressioQ of ^-gal was documented in all anlinalfl using 
j3-gal staining. Negd^tive controls (aontransfected heart 
plants and recipient's hearts) showed no positive stnin- 
^>Ag (pig, 1). To e^camine the transgene e:tpre$sion In trans- 
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FiGUKE 1, ^Gal e2Cpressiou in syngeneic adSCMVpgal-m- 
fected rat hearts. Ar X-^aT i;taimng of syngeneic rat heart 7 
days after ad5CMV0gal gene traiisf<5r (original mugnificatioa 
xl2^}. B, Reeipienf5 own. heart demonstrated no po^tive 
staining. 



planted organs, fi-gtX expressing cells were counted in syn- 
geneic heart grafts at day 3. 7, 14, 21, 28, and 56 after 
ad-gene transfer (Fig. 2A). Whereas in nontransplanted or- 
gans the ad-kensfected cells asipreas tlie reporter gpe 
within 2 to 3 days i4, 12^ 18\ In our experiments heart 
transplants reached peak levels of /5*gai activity not beibre 
day 7. Thereafter, the expression decreased and only few 
positive cefls could be detected at day 23 and 66 after gene 
transfer. The measurement of the total ^-gal enzymatic 'ac- 
tivity of the tramfijcted cardiac tissue usinff the ONPO-assay 
revealed similar results (Fi^. 2B) suggesting a delayed ^- 
pression and fSwt down-rcgttlafcion of the reporter gene in 
cardiac grafts, ftioreover, we analyzed the reporter gcEoe ex- 
pression in the presence of allogwieic grafts in the model DA 
to LEW. At days 3 and 5 succes^ gene transfer was docu- 
mented .in all animals and the transgene expression was aot 
significantly lower than in syngeneic hearts (data not 
ahownJ. These results suggest that the early transgene ex- 
pressioa is not limited in the allotransplantation model. 

Cellular mfUtrotlon ofthe tyngerieic heart transplants af- 
ter adenaotrus-mediated gene tretns^. We hypothesized that 
the ischemia/rsperfiision ityury mediated Inflammation con- 
tributes to the delayed expression axid fiist eHmination of the 
reporter gene in cardiac grafts. As shown for aBoraactivity, 
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* heqjn tr;)ui3;pla]ics niter adenoviral transfer. A, X-sJal ^« 

PTCb-b-in;*^ ceiU: Ad-criiaced Ue:irC Cran^-plantfi were remOv<id at 
dx£rerCxit time poizits and ibe Ji-j^ai expre:tsioii was analyzed 
by X-jfal 3tai»intr (n=^5-7/ijroup>. The number of X-gall cells 
wa3 significantly hi^er in anici-CD4 mAb-treated (while 
bars) versus unt^i^tod oOntroi rnts (black bar^) ae days iU 
and 36 <i><0.(>g). B. Total t1d«Ut) enzyraaric activity: Ad- 
treaCed heart traii«;plunts iirere removed aC different time 
points, and che cotxil ti:MU« ^^ol exprescHon was OniUyzed by 
the ONPG assay in=5/each group). The BnzymnHc activity 
-WTW ^Sp:kiJ5caatly higher in anti-CD4 mAb trtut«d (white 
bars) versus control rata (block bot^) ai days X 7^ 14, 21, and 
±fi CP<0.05), 



the unspeclfic iAflaiaaiafcion foUowing kchemiVreperfuslon 
injury may increase tho specific immunogemdfey of trans- 
fected cells in the graft. To study the inflammatory response, 
the ceflular infilttation of fcranafected ^yn^enac grafts by 
cells expressing the ts/p T ceQ receptor. CDS chain, IL.2 
receptor or a membrane oiarker expressed on macrophages, 
monocytes, and dendritic cell? (detected by ED-l) was ana- 
lysed In compori^on to untreotad 9yn^eneic heart trans- 
plants (Fig, 3, A-D). 

• The ischemJ«t/repetftision mjmy resulted in increasing eel- 
IuIot infiltrarion nntil day 14 after croa^iantatloa iF\^. 3, 
A-D, see Nontnxrvffbcied graftsh The ad-mediated fcransfbc- 
tion of the grafts vvith the reporter gene ^-gal Airther in- 
creased the ceEular infiltration three- to 7-fbId f.Fig. 3, A-£>, 
see Wo mA6 treatment I Interestin^y. the uiflummatory re- 
sponse showed e biphasic course in ad«trans5^ted grafts 
suggesting an early InflaipmatiQn i day 3> triggered by unspe- 



TILVNSPLANTATION 

due events ^nd a latei- uiter dey 14) cellular infiltrarion th 
.naay reb-ult from the ad-spedfic immune response. ^ 

Effect of RIB 3/2 mAb treatment on trans^ene ixpre^^- 
a/hr adenoviral gene transfer. Next, w^ Tvondered wherK^ 
the anti-cm mAb MB 5/2 may deteriorate the spedfiTT 
li-ad immune response and prolong the expression of ft^ 
transgene within the graft. The graft redpienta received^ 
times 4 mg/kg of the mAb. a suboptimal dose that is notalJ^ 
to induce long-terra allograft survival i/i K We did not use tjJI 
high-dose allograft tolerance-indudng dose ( 10 k20 ^ 
tolerance induction to the adenovirus may be dangerous for 
clinical setting. This low-do$e anti-CD4 oiAb protocol sigzu& 
icantly prolonged the reporter gene expression in trans" 
planced syngreneic heoits in comparison to control heans 
ivithout anti-CD-l treatment (Fig. 2, A and Bl. At days 28 and 
56 after transplontation, the number of X-gal positive cells in 
anti-CD4 niAb treated rats was li- and ll-fold higher; re- 
spectively, in comparison with the oxAb unxreaccd rots iW 
2Aj. Morcovor, tlie early expression of the transgene ivithzo 
tK« first week was ulso significandy improved under the 
umbrella of RIB 5/12 mAb treatment, which could be detected 
nj^asuring the total entyme actrvity by the ONPO-assay 

Elfcct of RIB 5J2mAb treatmunc on ceUular^raft infUtm. 
Hon after adunauirat gma tran^sfer. The improved g^ne trans- 
fer into syngeneic cardiac grafts by anti-CD4 mAb treatmeiut 
Avos assodaied ivich a down-refruiation of both tlie early and 
lat^ inllummatoiT response. RIB 5/2 m^h treatment pre- 
vented the ad-mediaccd up-re^^ulation of the intra*raft ia- 
aommacory reisponse. Moreover, the oiimber of inJikraDagT 
cells was even luwer than in ihe uncreated 5>-yngenelc noa- 
toinsfected control heorts iFig. 3. A and B), although the 
InfiUration by IL-2R^ T cells xvas not completely prevented 
suggesting some residual Onti-ad specific immune response 
tPiij. 3C), The late infiltration by ED-1* macrophages was 
also re<ivced. whereas the early infiltration by these cells was 
also not completely prcveoted bv anti-CD4 mAb treatment 
(Fig. :3D). 

Efjivct of RIB 5/2 treat/Tie/U on antkidenooircU ojitibody 
pniduction. To examine the KumotaL immune * response w 
the ad-vectors wb fiave quantified the formation of anti-ad 
antibodies in anti-CD4 tnAb-treaied.or mAh-onfcreatcd ani- 
mals receivitxg syngeneic ad-infected grafts by ELISA tech- 
nology. We observed higher tixers of anci-ad antibodies in 
cOmparisnn to background levels &om nnlm^lg without gefte 
transfer from day 21 to day 47 after gene transfer. Anti-CD4 
m.-U>-trested nnimnis showed u strongly reduced and delayed 
production of aoti^ad antihQdIes compared with animai^ 
without mAb treatment ^uggesein^ a reduced humoral iis- 
mune response to the ad-vectote (Fig. 4ir. 

^jflfec* of RIB 5/2 tretttment on proinflammatory cyfokhm 
gen^ transcription after xxdenooiral gent transfer. It is wefil 
eatahlia he d that proinflammatory cytokined. particularb 
XF^j and TNFa, may down-regnlnte the transgene expres- 
sion by inactivation of.the commonly used C2tfV-IE*pTomocef' 
We observed a etnmg up-regulation of IFNy and TNF^ 
mANA expression in the transfected hearts within the first t 
days. Tlie esirly intra^raft IFNy mftNA expreseion was dra- 
matically reduced in anti-CI>4 mAb-treated graft redpieoLf 
'Fig, 5A>. Levels of IFNy mftNA in anti-CD4 mAb-untreacec 
p-gal-infected syngeneic grafts were 3- to 4-fold higher com- 
pared to syngeneic otherwise untreated controls (data 
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; 8. Cenular infiltratioil of the ^yn^eneic heart trsnsplsntS after ftdenoviros-lttediated gBxia trazusfOr. Ad-treated hABrt 
Eits with or withoirt imti-GI>4 therapy and wtransfected control heart trazisplants w«r« removed at di^erent time 
fxU and «Di»|y7ed for infiltration with CA) T ceU receptor posxtiTe celU, (B) CD8 fi chain positive caUs, (C) lL-2 receptor 
Ative eoOfi^ (D) KD-l"^ ceila Onartor for macrophAg^ mOnoeytcSy and dendritic ceUs) Cns;4-^each group). Anti-dM znAb 
atmant al^iiCcantly attenu&eed the graft Infiltration In comparison to untreated nd-cransfected grafts at day 3, 14, «nd '2B 



. This stiggests that the iscx^o iA lavals oilFNy at 
f7 3 after gene transfb* in aAti-CD4 mAh-antreated ani- 
^ 16 nminly due to tho pr^emco of adeiiovirus. In coutra^t, 
* TNPa response was not fiignificantly ixuduenced (Fig. 5B) 
ita tha reduced cellniar iafilbration (Fig. 3, A-DK 

DISCUSSION 

^&ec(nnlnnant ad*vector$ are an asefiil tool fttr efficient gene 
Q^fer into a variety of organ transplants {18-22), How- 
^9 potential applications of this vector system are limited 



by transient transgene expres^on after gene trancfex. In 
nontransplanted organs the maxxmnjm level of reporter gene - 
expression ia reached within the first 24 to 48 hr after ad- 
mediated gene transfer and remaina stable for 3 to 4 weeks 
(4, 12h tn.thifi study we observed a delayed escpresaion and 
fkst elimination of the transgene in a syngeneic cardiac 
transplantation model sugigesthig that the nnspecific inflam- 
matory response after ischexoia^perftision iiqury of grafts 
fbrther deteriorates the transgene e2qpre3siDn in the trans- 
plant setting. 



..^ .^J^^^?V^^J^J}i^P$l V.'^^ JD 22:58 on line [53 for SH01973 printed 09/18/2003 17:51 * Pg 15/41 
09/18/03 15:27 FAX 303 410 6867 MYOCEN. INC, 



Q015 




3 wiihouc unri-CD4 trcaimcnt 



m-VNSPLANTAnON 
A 



14 



11 33 42 47 56 concroi 
davs after ^ene traiufer 



FiaVlt£ 4- Effect of RIB 5/2 treafcment on anti-udenoviml an- 
tibody production. Serum samples of imimabs receivittt; mAb- 
und mAb- untreated ajiimal^ %ycre AnAlyz^td u^m;^ on unvi- 
ad-Ig detecting ELI5x\. Valuer are ^ven aa extinction at ihc 
l;l2d dilution of the serum samples. Buckgkvucid (evel;* were 
deiermined measuxintJ control semm of adSCMV^i^^-un- 
treuted anrnirtls (Striped bar). Anli-CD4 mAb D^aoneot 
iwhico bars) significantly reduce^f the amount of ants-ad an- 
tibodies compared mAb-untrctited :uiimals (bl^ck buov) 
tn=4~3/each ^roupK 
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Hie low repoi-ter gene cxpi'essioa within the lirst dyys 
oiler transplaiitatioa was associated with a huf^e enrJy intra- 
grdit accumulation of both inacrophai^eb and T calls in ad- 
tron^fected |jrdlt$ in comparison to untreated gmfU that was 
accompanied by a fitrong up-re^lation IFN7. Attcr day :i 
oeilulor infiltration and intragralt IFK"y c}Npres.vion .sponta- 
neously regressed. As the El-del«tcd ad is replicanoa defi- 
cient, the rising frequency of X-eiU i>o^itive cells beuveea day 
3 and 7 does not reflect incred^ag numbers of trans fecied 
cells but rather indicates a scroog dovm-reguLiuon of the 
commoaly used CMV-promoter during the first days as result 
of the early inilammatoiy response. It has been shown that 
cytokines may down- regulate the CMV-UE pronjoter activity 
<24, Sh The ociioa of TNFa »uxJ-reffulatioa, down-regulation, 
or no effect) OA the CMV-IB promoter activlqr i« depcadmt on 
the target cells i$, 2Sh i^hereas (FNy seems to Inhibit the* 
promoter in all cell lineages i8, d). 

' With the reduction of both cellular infiltration and intra- 
graft IFNy expression betveen day o and 7, the cnxnsgeoe 
expression increases. TNFu expression did not significantly 
change during the observadon time ^uggfe^tini; that TNFrt is 
less involved in promoter down-regulation in our in vivo 
models 

However, after day 14 a second wave of graJt Infiltration 
appeared that was associated vnyh a decreasing reporter 
gene expression I both firequcnqy of X-gai'*' celb und total 
enzyme actiW^ went down;. These late events probably re- 
flect the fipecific imninne response to nd-encod(>d proteins 
that nufults in the elimination of the transduced cells. In the 
transplant setting the early Ischemio/reperfusioa ix^'xuy-me- 
diated inHommatipn activates intragraft ankigon-prusii&ating 
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FiGUSB d« EHcet of RIB vt2 treatment on protxxfinmiKiacDty 
cytokine gene tranficHption after adenoviral gone transfer- 
Ad-trOn^eoted h*«urt transplants from an tl-CD4- treated raa 
and nontreaitod rats w^re removed at d^^fervnt tiine points 
and analysed for (A) IFN7 oiltNA eaqprussiOQ and <B) IS^Fa 
mBNA expression* by quanUtativc "Veal tUne" TaqMoa-RT- 
PCIt Ct. Threshold-4^c (n»i/each group). Values oro given 
as 5 Ct levels of IFN7 Or TNFa versus GAPDH lhoafi«kfi«pl^ 
gener capres^n. Aixti-CD4 mAh treatment signiacoaitr 
IP<0.e&) reduced XFNy gene expresdioa at day 3. 



cells. Induces the release of chemocaccic foctors, and up 
regulates endothelial adl\esioa molecules; thus Increasli^ 
the bntnuAOgftoitjity of the ad-infected calls and supportiiiS 
tha development of the specific and-ad immune retspoa^ 
Even chough it has been considered that the major cause 0 
the transient transgene expression after adenoviral ge*| 
transfer is the developmtmtofan adaptive immune respooi^ 
to adenoviral proteins and transgene products, nonin^aja 
aintoiy causes, e-g„ inactlvation of prooiotcr eletneacs * 
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jflodifications of viral DNA, may also play a xole. This wa5 
1 demonstrated in ex vivo cultures of adenovirally transfccted 
; corneas {26). We and others (10, 11) have shown that trsms- 
\ gejie expression was also limited in immunosuppressed ani- 
^'loflj^i which suggests that noninfl n mm atoty causes might 
K ^ play a role. 

v^^ Si^nilflJ^ kinefcics of intragrail reporter gene expression 
observed by others (15-20). In contrast to the delayed 
k^eoe expression in heart graft models, a relatively fest ex- 
jjpression vras described in liver grafts (2J, 22) which may 
IxeHect other experimental conditions or special properties of 
S=&fl liver tissue. 

fit has been shown that immunomodxxlatary approaches 
fittdnding a2itl-CD4 mAb treatment ilO-W may attenuate 
^the specific immune response to ad-encoded proteins and 
Nprolong the transgene expression. Its efficiency hr improving 
lenc therapy in a transplant setting was not studied so far, 
We could demoostrate for the furat time tliat a low-dose 
ixoadepleting anti-CD4 ntAb apprDax:h combats the intragraft 
irtf!ammato27 response due to the synergistic action of isch- 
emia/reperfusion and viral infection and mediate an earlier 
and longer reporter gene expression in a transplant setting. 
Ihe faster and prolonged gene expression may improve the 
nsefulness of gene therapy in transplantatioa as the modiS- 
^. cation of the early posttransplant phase strongly influence 
the loag-tenn outcome of allografts. 

The amplification of the early transgene expression by 
anti-CD4 mAb treatmenc was very surprising. The mecha- 
nisms of the early intlammation in ad-transfected grafts are 
not fully understood, Unspecific inflammatory events are 
discussed and the high intragraft IPK7 level at day 3 may be 
due to NK cell activity. However, the dramatic eOTects of CD4 
I* targetixig therapy on the early graft infiltration and the re- 
duction of IFN7 expression by more than 80% redefines tlie 
role of CD4^ cells (T cells and/or CW monocytcs/macro- 
phages) during the early antiviral response. Moreover, our 
"-. data suggest that IFN7 may play an important role in down- 
_iiegnlatlng the CMV-promoter controlled expression of the 
transgene after in vivo geoo transfer. Although the reporter 
pne expression was improved under the umbrella of anti- 
CD4 mAb as early as dey 3, the further rise of X-gal^ cells 
_;^and total enzyme activi^ of the graft until day 7 suggefits 
|/ fl^at other factors than IPN7 maybe involved in early down- 
" iiegulation. Further experimenttf should address this phe- 
^nomenon, 

h Our data demonstrate that the nondepleting^ anti-CD4 
: .mAb approach is abo feasible for the prQlongation of reporter 
^ gene expression under the special conditions of fcransplan- 
The peak levels ware higher and tha ETso ofX-gal* cells 
^increased fhan 18 to 33 days. For the interpretation of tbe 
tm) different methods used for measuring transg^e e^q^res- 
|g?itm it is important to aote that the numbers of ceOs express- 
ible P-gal were roughly similar in grafts of mAb-troated and 
g^toAh-^txeated animals except days 28 ari ^ 56. However, In 
iAe ONPG-assay the differences between both jjroups have 
|i.oeen significant until day 28. The early difFcteoces measured 
the ONPG-assay might therefore rather be a result of 
f paltered transgene r^iilation than elimination of ad-infected 
^eeHs which is also supported by the differences in IPNy 
f^|*»RNA expression early after gene transfer. In contrast, at 
T s later time points (days 28 and 56) the elimination of ad- 



infected cells seems to play a more important role as seen " 
the results obtained by the X-gal staining. 

Even though CD8" CTL are major effectors in elinunatb 
ad-infected cells, CD4^ T cells also play an essential role 
the anti-ad immunp response. It has been reported that ME 
class n-iestricted activation of CD4"^ calls by ad-aatigens 
necessary for complete activation of CD8^ T cells (25), Mm 
over, CD4^'^ cells alone seem to be capable of destroyii 
virus-infected hepatocytea (23). Additiottany, CD4^ cells a 
able to induce a humoral anti-ad immune response via ac 
vation of B cells. The important role of 004*^ T cells for t 
elimination of transfected cells was (urther supported by i 
prolonged reporter gene expression in the lung fbllowi: 
application of depleting ilO) or high-dose nondepleting (J 
anti-CD4 mAb. We could demonstrate that even a low-do 
nondepleting anti-CD4 mAb protocol can improve the exprc 
sion of the gMic of interest in the more complicated trar 
plant setting. The significant inhibition of cellular infiltz 
tion by anti-CD4 mAb may explain this effect, Howevi 
although the cellular Infiltration into the ad-transfect 
grafts kept at low levels during the whole observation tir 
(28 days) in anti-CD4 mAb-created rats, the nxunber of 
gal" cells rapidly decreased after day 28. This maybe due 
the development of a "low-level* ad-specific immune 1 
sponse, which is reflected by a relatively high proportion 
0025"^ cells among the infiltrating cells, particularly at da 
3 and 7, compared with controls with nontransfected graf 
Additionally, the low-dose anti-CD4 therapy delayed a; 
stwttgly reduced the anti-ad-antibody production. The tite 
measured in our experiments are consistent with results ' 
Chan et aJ. (27), who suggest that the titers In aniinals wt 
ad>perfused transplants were mxich lower than in mode 
using direct L v. injection of adenoviral vectors. This may 
due to the extended circulation and presentation of adeno* 
ral antigens in &ese models. If the reduced anti-ad antibo 
production by thb low-dose anti*GD4 treatment might allc 
a second vector administration should be further analy^ec 
In summaiy, low dose nondepleting anti-CD4 mAb trii 
meat improved both the early and the late trSLXisgene ^r( 
sion in a model of syngeneic heart transplantatioa Thei 
fore, this approach may be useful in future gene th^ 
protocols in allotransplantation. 
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Tight Control of Exogenous SERCA Expression Is Required 
to Obtain Acceleration of Calcium Transients With Minimal 
Cytotoxic Effects in Cardiac Myocytes 

J. Michael O'Donnell, Carlota M. Sumbilla, Hailun Ma, Iain K.G. Farrance, Marco Cavagna, 

Michael G. KJein, Giuseppe Inesi 

Abstract — Collateral effects of exogenous sarcoendoplasmic reticulum Ca^"*^ ATPase (SERCA) expression were charac- 
terized in neonatal rat and chicken embryo cardiac myocytes, and the conditions required to produce acceleration of Ca^^ 
transients with minima! toxicity were established. Cultured myocytes were infected with adenovirus vector carrying the 
cDNA of wild-type SERCA 1, an inactive SERCA 1 mutant, or enhanced green fluorescence protein under control of the 
cytomegalovirus promoter. Controls were exposed to empty virus vector. Each groxip was tested with and without 
phenylephrine (PHE) treatment. Under conditions of limited calf-senmi exposure, the infected rat myocytes manifested 
a more rapid increase in size, protein content, and rate of protein synthesis relative to noninfected controls. These 
changes were not accompanied by reversal to fetal transcriptional pattern (as observed in hypertrophy triggered by PHE) 
and may be attributable to facihtated exchange with serum factors. SERCA virus titers >5 to 6 plaque-forming units 
per cell produced overcrowding of ATPase molecules on intracellular membranes, followed by apoptotic death of a 
significant number of rat but not chicken myocytes. Enhanced green fluorescence protein virus and empty virus also 
produced cytotoxic effects but at higher titers than SERCA. Expression of exogenous SERCA and enhancement of Ca^^ 
transient kinetics could be obtained with minimal cell damage in rat myocytes if the SERCA virus titer were maintained 
within 1 to 4 plaque-forming units per cell. Expression of endogenous SERCA was unchanged, but expression of 
exogenous SERCA was higher in myocytes rendered hypertrophic by treatment with PHE than in nontreated controls. 
{Circ Res. 2001;88:415-421,) 

Key Words: SERCA ■ gene iherzpy m heart ■ adenovirus ■ calcium transients 



The sarcoendoplasmic reticulum Ca^"^ ATPase (SERCA) 
pumps Ca^"^ from the cytosol back into the sarcoplasmic 
reticulimi (SR) after myocardial contraction, thereby coordi- 
nating contractile tension and relaxation kinetics. Ca^* uptake 
by the SR has been reported to be inadequate in failing human 
heart '-^ as a consequence of reduced SERCA activity,^ 
SERCA protein expression,*'^ and SERCA mRNA levels.* 
On the other hand, it was shown in experimental models that 
uptake of cytosolic Ca^"*^ by the SR can be accelerated by 
expression of exogenous SERCA genes and consequent 
increase of the ATPase copy number in cardiac myocytes.*^-^ 
In fact, isolated failing human cardiac myocytes have shown 
inD^oved performance after overexpression of exogenous 
SERCA."> 

Recombinant adenovirus has proven to be a very effective 
vector for delivery of exogenous SERCA cDNA into cardi- 
omyocytes," widi 100% efficiency of infection compared 
with 5% to 10% efficiency by other transfection methods. 
The positive benefits of exogenous SERCA expression on 
Ca^* homeostasis continues to be characterized by several 
laboratories, whereas collateral effects of gene expression 



have received little attention. We have observed important 
side effects that are much more evident in neonatal rat than in 
chicken embryo cardiac myocytes. In this study, we made 
comparative observations on cells infected with empty vims, 
with viral vectors carrying wild-type or inactive SERCA, or 
with enhanced green fluorescence protein (EGFP) cDNA. We 
describe here the effects of these procedures on protein 
synthesis, cell viability, and calcium handling in controls and 
hypertrophic (treated with phenylephrine [PHE]) myocytes. 
We then define restricted conditions under which the level of 
exogenous SERCA gene expression and improvement of 
cytosolic Ca^* control can be obtained in rat myocytes with 
minimal cell damage. 

Materials and Methods 
DNA Constructs and Vectors 

EGFP or wild-type or mutant chicken SERCAP' cDNA was 
subcloned into pAdlox*^ or pAElsplA" plasmid The cDNA was 
preceded by the cytomegalovirus (CMV) promoter and followed by 
simian virus po]>^denylation signal. Recombinant adenovirus with 
EGFP or SERCA 1 cDNA was obtained as previously described.'*** 
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The recombinant products were selected by plaque purification in 
HEK293 cells and band-purified by centrifoigation in cesium gradi- 
ents to yield concentrations of the order of IC to 10" plaque-forraing 
units (pfu) per milliliter. 

Preparation and Treatment of Neonatal 
Rat Myocytes 

Chicken cmbiyo cardiac myocytes were prepared and cultured as 
previously described.' Neonatal rat cardiac myocytes were prepared 
and cultured as follows. 

Day 1 

Primary cultures were obtained from 1 -day-old Sprague-Dawley 
rats, as previously described,**-'' and cultured in MEM (GibcoBRL) 
containing Hanks* salts, S% calf serum, vitamin B,2, and 0.1 mol/L 
bromodeoxyuridine at 37°C, 350 cells/mm^ in the presence of 1% 
COj. The culture medium was replaced every 12 hours throughout 
the experiment. 

Day 2 ^ 
The cells were washed, and the medium was replaced with half the 
original volume of seium-free medium (identical to that previously 
described except for the absence of serum). The cells were infected 
with adenovirus vector (0 to 20 pfu/cell) containing wild-type 
SERCAl, EGFP, or mutant cDNA encoding inactive SERCAl. 
Controls were exposed to empty virus. Infections were obtained by 
exposing the cells to the viral vectors for 1 hour. At this time, the 
medium was diluted 1:1 with medium containing serum to yield a 
final 5% concentration. 

Day 3 

Ceil-culture medium was removed and replaced with a defined MEM 
containing 10 jutg/mL transferrin, 10 /ig/mL insulin, 0.1% BSA, 0.1 
mol/L bromo deoxyuridine, 100 /xraoI/L vitamin C, and no serum. 
Two sets of plates (infected or noninfected) firom day 2 were treated 
with 20 /imol/L PHE to induce hypertrophy.*' Two sets of alterna- 
tive plates were not treated with PHE. 

Day 5 

Multiple-phase contrast images of cell populations were taken from 
each plate to establish cell counts and viability. Both attached cells 
and dead cells (ie, floaters) were counted. 

Cells were harvested for Western and Northern blots, ["C]phenyl- 
alanine experiments, or fluorescence measurements of cytosolic 
calcmm. 

Cell Death and Protein Synthesis 

The number of dead cells was estimated by counting attached cells 
and floaters in culture dishes. Total protein was measured by 
btcinchoninic acid assay (Pierce) after counting the cells in culture. 
Protein synthesis rate was measured using radioactive amino acid as 
desoibed by Simpson. To this aim, die culture media was brought 
to 0.1 /tCi/mL (**Clphenylalanine on day 3, and on day 5 ("C]phe- 
n^alanine incoiporation into the total cell protein was determined by 
scintillation counting. 

Western and Northern Blot Analysis 

SBRCA protein content was determined by Western blots, as 
previously described. '^^i* Wild SERCAl and inactive SERCAl 
mutant were detected using primary antibodies CaF3-5C3" and 
Mycl-9E10 for the c-myc tag.»« Endogenous SERCA2a was de- 
tected using MA3-919 antibody (Affinity Bioreagents). Atrial natri- 
uretic factor (ANF), skeletal a-actin, and 18S mRNA levels were 
detennined by >forthem blots as described by Sumbilla et al,'^ 
cDNA probes for rat ANF and skeletal a-actin were radiolabeled 
with aE(^]-dCTP using a random priming labeling kit (Amersham). 
The synthetic oligonucleotide probe for 18S mRNA was radiolabeled 
by temoinal deoxynucleotide transferase with ot[*^]-dCTP.>* Values 
for ANF and actin mRNA were normalized to endogenous 18S 
mRNA. In situ inununofhiorescence staining of SERCAl was 
performed as previously (tescribed.^ 



Intracellular Calcium Measurements 

As described previously,** cell cultures were loaded with the Ca^* 
indicator dye Fluo-4, mounted on an Olympus 1X70 inverted 
microscope, and superfnsed with Ringer's buffer solution at 
30±2*C. The cells were field-stimulated, and cell fluorescence was 
recorded, corrected for background signal, and plotted as AF/Fo. 
Some experiments were conducted with cells loaded with the 
indicator dye Fura-2.** 

Apoptosis 

Apoptosis was assessed by microscopic visualization of condensed 
nuclei and electrophoretic demonstration of fragmented DNA pat- 
terns. For nuclear visualization, the cells were fixed with 4% 
paraformaldehyde (Sigma) and stained with 10 /tg/mL Hoechst 
33258 (Sigma B2283) in the presence of 0.1% Triton X-100 
overnight in the daric at 4**C as previously described.^o The stained 
cells were then visualized using an ultraviolet light (365 nm) on a 
Zeiss inverted microscope. 

For demonstration of fragmented DNA pattern, DNA was isolated 
by phenol extraction and ethanol precipitation^ > and run on a 1% 
agarose gel. DNA patterns were compared with the classic fragmen- 
tation of DNA isolated from myocytes treated with staurosporin to 
induce apoptosis.^ 

Statistical Analysis 

Experiments were done in triplicate. Data set comparisons were 
performed with Student*s unpaired, 2-tailed r-test. Difference in 
mean values were considered statistically significant at P<QJOS, 

Results 

Efficiency of Exogenous Gene Transfer in 
Neonatal Rat Cardiac Myocytes 
In infections with adenovirus vectors, an important vari- 
able is the number of viral particles per cultured cell. We 
characterized this variable in our experiments by exposing 
neonatal rat cardiac myocytes to increasing titers (0 to 20 
pfu/cell) of recombinant adenovirus vectors. It is important 
to realize that we indicate here viral titer with reference to 
pfii per attached, rather than seeded, cell to circumvent the 
variability of seeding rate in various experiments. Fluores- 
cence images of cell cultures infected with EGFP virus 
revealed that 100% infection of rat myocytes is obtained 
with a viral titer of 5 pfu/cell (Figure lA). Western blot 
analysis of SERCAl expression revealed similar titer 
requirements. This pattern is different from that observed 
in chicken myocytes, in which the titer required for 100% 
infection is 10 pfu/cell (Figure IB). 

Viral Infection and CeU ViabiUty 

Exogenous SERCA e:q>Tessicn in neonatal rat cardiac myo- 
cytes decreases cell viability, resulting in detachment of a 
significant number of cells (floaters) even at viral titers as low 
as 5 pfu/cell (Figure lA). This effect is observed to a much 
lesser extent in chicken-embryo cardiac myocytes (Figure 
IB). It should be pointed out that an identical cytotoxic effect 
is produced by expression of wild-type SERCAl or inactive 
SERCA mutant. Similar toxicity was observed after expres- 
sion of SERCA2 (cDNA from either chicken or rabbit) in rat 
myocytes (not shown). EGFP virus (Figure lA) and empty 
vims (not shown) also produce toxic effects. However, these 
effects are observed at significantly higher titer. It is clear that 
the range of viral titer .between induction of protein expres- 
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Rgure 1. Exogenous gene expression or cell death after Infec- 
tion with increasing titer of adenovirus vectors. A, Neonatal rat 
cardiac myocytes. B, Chicken embryo cardiac myocytes. 
percentage of cells exhibiting EGFP expression; o, levels of 
wild-type SERGAI expression; percentage of cell death after 
expression of SERCAl; V, Inactive SERCAl mutant; EGFP. 
EGFP was visualized by fluorescence microscopy, and SERCA 
protein was visualized by reaction with specific antibodies. 
Number of dead cells was determined by counting detached 
cells (floaters). 



sion and production of toxicity is narrower for SERCA than 
for EGFP (Figure lA). 

Although we only use viral vectors derived from the first 
large-scale amplification of purified plaques, we considered 
whether the observed cytotoxic effects may be attributable to 
the presence of El A and consequent replication of adenovirus 
in the infected cells. To rule out this possibility, we conducted 
parallel infections (1 pfu/cell) of A549 cells (able to amplify 
only replication-competent and not replication-defective vi- 
rus) and HEK293 cells (ElA-transformed, used to amplify 
replication-defective virus) with SERCAl adenovirus. We 
found no significant cell death in the A549 cells 3 days after 
infection, whereas 100% of the HEK293 cells were detached 
and obviously dead (Figure 2). Fxnthermore, plaque assays 
showed a 3 cwder of magnitude increase of plaque density in 
HEK293 cells and no increase in A549 cells and rat cardiac 
myocytes. This demonstrates that our stock of adenovirus 
vector does not contain El A or replication-competent 
contaminants. 

In situ immunofluorescence staining with antibodies spe- 
cific for the exogenous SERCAl reveals very dense packing 
of ATPase molecules within intracellular membranes even in 
seemingly healthy cells (Figure 3). Drastic structural changes 
are q>parent in cells undeigoing cytotoxic effects (Figure 3), 
It is noteworthy that cytotoxic effects are produced by 
wild-type SERCA and inactive SERCA mutant as well 
(Figure 1). It is likely that SERCA targeting of mtracellular 
membranes and dense packing of ATPase molecules within a 
rather limited membrane space (Figure 3) produce pertinba- 
tion of membrane structure and function and consequent 
alteration of calcium homeostasis. Furthermore, die occur- 
rence of nuclear condensation and DNA fiagmentation (Fig- 
ure 4) suggests that apoptotic mechanisms, rather then necro- 
sis, are involved in the cytotoxic effects of SERCA 
expression. The apoptotic index (percentage of nuclei exhib- 
iting condensation) was 7% in myocytes infected with 2 
pfu/cell and 31% in myocytes infected with 10 pfu/cell. It is 
noteworthy that similar apoptotic effects (Figure 4B) are also 
produced by higher titers of EGFP or empty virus. 





Figure 2. A549 and HEK293 cells infected with adenovirus vec- 
tor carrying SERCAl cDNA under control of the CMV promoter. 
Both cultures were infected with 1 pfu/cell, and the images 
shovm above were obtained by phase-contrast microscopy 3 
days after Infection. Note that the (El A-transfomned) HEK293 
ceils undergo extensive cytotoxicity because of viral repficatkni. 
On the other hand, the A549 cells remain perfectly healthy, 
demonstrating that the adenovirus vector used In these experi- 
ments tacks E1 A and is replication-defective. 

Cell Growth and Synthesis of Total and Specific 
SERCA Protein 

An tmexpected finding was that, under certain conditions, 
infection with adenovirus vector promotes increase in cell 
size and total protein synthesis. The magnitude of this effect 
is comparable to that of PHE, Figure 5 presents images of 
neonatal rat cardiac myocytes maintained with a defined 
medium in the absence of serum (Figures 5A and 5D), 
exposed to senmi for 1 day (Figures 5B and 5E), or exposed 
continuously to serum (Figures 5C and 5F). Cells in Figures 
5C dirough 5E were infected with SERCAl virus. The cells 
were observed by phase-contrast microscopy 4 days after 
seeding. It is clear that the cells exposed continuously 
(Figures 5C and 5F) to serum are larger than the cells not 
exposed to serum (Figures 5 A and 5D), independent of 
whether they were infected ot not. This increase in cell size is 
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Figure 3. Intracellular membrane targeting of exogenous 
SERCA1 expression in neonatal rat cardiac myocytes and vari- 
ous cytotoxic stages- Ail cells were infected (4 pfu/attached cell) 
with adenovirus vector carrying SERCA1 cDNA under control of 
the CMV promoter. Exogenous SERCA was detected with spe- 
cific monoclonal and fluorescent secondary antibodies. Selected 
myocytes show nonnai intracellular membrane network and 
dense packing of SERCA molecules within an apparently limit- 
ing membrane space (A, B, and C). A myocyte undergoing cyto- 
toxic damage shows coalescence of intracellular membranes 
and rounded shape (D). 

comparable to that observed in cells treated with PHE (not 
shown). On the other hand, under conditions of limited 
exposure to serum, the size of infected cells is larger than that 
of noninfected cells (compare Figures 5B and 5E). 

We next investigated whether the transcriptional pattern of 
cell growth and proteia synthesis triggered by exogenous 
gene transfer was the same as that triggered by PHE. To this 
aim, we tested specific markers of a-adrenoceptor-mediated 
hypertrophy ,2^25 s^qJ) ANF and skeletal a-actin raRNA. 
We found these markers increased in myocytes treated with 
PHE but not at all increased in infected myocytes undergoing 
increase in size in the absence of PHE (Figure d). 

In all cases, the observed changes in cell size were matched 
by increased total protein content per cell (not shown) and 
rates of protein synthesis as revealed by radioactive phenyl- 
alanine incorporation (Figure 7A). In agreement widi eariier 
studies,*^ we found that treatment with PHE for 48 hours 
resulted in a 70% increase in [**C]phenylalanine incorpora- 
tion, independent of viral infection. A similar increase was 
observed in the infected cells undergoing increase in size 
(compare control and infected cells in the absence of PHE, 
Figure 7A). 

With regard to specific synthesis of SERCA, we found that 
endogenous SERCA2a is produced at the same level (per 
total protein unit weight) in c<Hitrol myocytes and myocytes 
midergoing PHE hypertrophy (Figure 7B). The endogenotis 
SERCA2a level, however, is significantly reduced after 
infection with SERCA 1 adenovirxis (Figure 7B). This is likely 
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Rgure 4. Nuclear condensation and DMA fragmentation in myo- 
cytes undergoing apoptosis as a consequence of exogenous 
SERCA overexpression. Top, Visualization of H&E-stained nuclei 
in infected myocytes. Bottom, Electrophoretic pattern of ONA 
extracted from control myocytes, attached myocytes, floaters 
infected with EGFP, wild-type SERCA1, or mutant SERCA1, and 
myocytes treated with staurosporine.22 Note that even though 
DNA fragmentation is present in the EGFP floaters, tt>e number 
of EGFP floaters is very low (Figure 1). Neonatal rat myocytes 
were infected (6 pfu/attached celO with adenovirus vector. 

attnbutable to competition with exogenous SERCA expres- 
sion and membrane occupancy. In fact, we have previously 
shown'* that even in noninfected myocytes, endogenous 
SERCA2a is quite densely spaced in the sarcoplasmic retic- 
ulum membrane. The total Ca^^-dependent (thapsigargin- 
sensitive) ATPase (per total protein unit weight) is increased 
more than 3-foId in infected myocytes as a consequence of 




Figi^ 5. Control and infected neonatal rat cardiac myocytes 
maintained in the presence and absence of serum. A and D, 
Defined (rK) serum) medium for 4 days. 6 aruJ E. Normal (with 
serum) medium for 1 day and defined (no serum) medium for 3 
daya C and F, Normal (with serum) medium for 4 days. A B, and 
C, control (noninfected) ceOs. D through F, Infection p pfufeeB) wHh 
SERCA1 adenovirus 1 day after seeding. Afl Phages were obtained 
by phase-contrast mtcroscopy 4 days after seedlr^g. 
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Figure 6. Analysis of transcriptional markers of hypertrophy in 
infected or PHE-treated myocytes, ANF Northern blot analysis 
of RNA samples isolated from cell cultures was used to identify 
the markers of hypertrophy. The blots were hybridized to pP)- 
lat»eted probes complementary to ANF and actin. When nomrial- 
ized to endogenous 18S mRNA. both ANF and skeletal a-actin 
increased in myocytes treated with PHE as expected. Infecting 
cells with either SERCA1 or EGFP virus resulted in only a mod- 
est increase of the 2 hypertrophy markers. 

exogenous SERCAl expression (Figure 7C). In fact, the rate 
of exogenous gene expression was higher in cells treated with 
PHE, as revealed by EGFP fluorescence and SERCA Western 
blots (results not shown). Consistent with these findings, the 
cytotoxic effect of SERCA expression was observed at lower 
titers in PHE-treated myocytes than in nontreated myocytes. 

Exogenous SERCA Expression and Ca^^ Transients 
The experiments reported above emphasize the importance of 
establishing conditions that limit exogenous SERCA expres- 
sion to levels producing minimal cell damage while still 
improving the kinetics of Ca^"^ transients. In a preliminary set 
of experiments, neonatal rat cardiac myocytes were infected 
with viral titers producing minimal cell damage (ie, 4 and 2 
pfu/cell in the absence and presence of PHE, respectively). 
Ca^"*^ transients were then measured using the fluorescent 
Ca^*^ indicator dye £luo-4 after a voltage stimulus. The data 
shown in Figure 8 were averaged from transients obtained 
from several cells selected at random (n=15 to 30). They 
demonstrate that a faster decay to baseline can be obtained 



after limited overexpression of exogenous SERCA in cells 
incubated either in the absence (Figure 8A) or in the presence 
(Figure 8B) of PHE. It is of interest that development of 
PHE-induced hypertrophy by itself does not significantly 
affect the Ca^"*^ transients (compare control and PHE tran- 
sients in Figures 8A and 8B, respectively). 

A series of measurements were also made with Fluo-4 in 
myocytes exposed to various viral levels, ranging between 
0 and 10 pfu/seeded cell. Ca^* transients were then 
obtained from several cells selected randomly in each 
plate. The time constants of decay and one-half width of 
the transients were averaged with the understanding that at 
viral titer <1 pfii/cell, the average values derive in part 
from infected and in part from noninfected cells. Never- 
theless, it is clear from Figure 8C that the average decay 
constant of the entire cell population is significantly 
shortened after infection with 2 pfii/cell. This later titer 
produces minimal toxicity. Most importantly. Figure 8 
shows that no additional reduction of the time constants is 
obtained by raising the viral titer above 2 pfu/cell. 

We also obtained measurements with the indicator fura-2 
and noted a modest reduction of the resting Ca^"^ concentra- 
tion in the cytosol of infected cells (24±5 nmol/L versus 
42 ±7 nmol/L). On the other hand, no significant change in 
the peak Ca^* concentration on stimulation after adequate rest 
was observed.'* However, these measurements were obtained 
from healthy cells. Dead cells are supercontracted and often 
floating and are not suited to cytosolic calcium 
measurements. 

Discussion 

This study identifies important collateral effects of adenovirus 
vectors and gene transfer in neonatal rat cardiac myocytes as 
they relate to specific SERCA expression and modification of 
cytosolic Ca^"*^ transients. Cytotoxic effects, resulting in cell 
death, are most important collateral effects and are more prom- 
inently observed in neonatal rat than in chidcen embryo myo- 
cytes. The difference in titer requirements may be a function of 
viral receptor density (related to species or tissue) as well as cell 
proliferation and density. Whereas the neonatal rat myocytes 
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Figure 7. Total protein, endogenous SERCA2, and exogenous SERCAl expression in neonatal cardiac myocytes in the absence and 
presence of PHE. A. p\^)Phenytalanine incorporation as an index of total protein synthesis; the ("C)phenylalanine pulse was added on 
day 3 after seeding. B, Endogenous SERCA2 expression as indicated by Westem blots. C, Ca** ATPase (thapsigargln-sensitive) activity 
in control (noninfected) and infected cells. When indicated, cells were Infected (4 pfu/cell) on day 2 after seeding, and PHE was added 
on day 2, In all cases, the ceils were sampled on day 5. 
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Figure 8. Effect of exogenous SERCA expression on cytosolic Ca^* transients in neonatal rat cardiac myocytes. A and B, Averaged 
Ca^* transients after repeated single-excitation pulses in noninfected and infected cells in the absence (A) and presence (B) of PHE- 
induced hypertrophy. When indicated, infection was performed with aderKtvirus carrying SERCAl cDNA under control of the CMV pro- 
moter. The adenovirus titer was 4 pfu/cell in the absence of PHE and 2 pfu/cell in PHE-lreated cells to account for the higher expres- 
sion in these cells. C, Decay constants and half widths obtained in cells infected with increasing viral titer. Reported values were 
averaged from the Ca^* transient of individual cells infected with SERCAl virus. Cells in culture were selected at random for the mea- 
surements of Ca^* transients. It is apparent that the Ca^* transients of the entire cell population are optimally affected by a viral titer of 
4 pfu/ce!l in the absence of PHE and 2 pfu/cell in the presence of PHE. 



display limited cell division, the chicken embryonic myocytes 
proliferate significantly over the same period of time. We find 
that the entire population of rat myocytes is effectively infected 
with a viral titer of 2 to 5 pfu/attached cell, resulting in 
expression of SERCA levels that are sufficient to modify 
significantly the cytosolic Ca^* transients. On the other hand, a 
significant percentage of rat myocytes receiving more than 2 to 
4 pfu/cell undergo cytotoxicity and end up as floaters. The 
nuclear condensation and DNA fragmentation observed in our 
experiments are consistent with apcptotic death.^* It is notewor- 
thy that DNA fragmentation was also noted^^ in oncotic myo- 
cytes of infarct areas. 

Because interference with cardiac gene transcription^' and 
apoptotic effects^'-^® can be produced by adenovirus El A, we 
made special efforts to exclude the presence of EI A and 
replication-competent virus in our preparation (Figure 2). 
Furthermore, the cytotoxic effects produced by EGFP or 
empty virus require a much higher titer than those produced 
by SERCA virus (Figure 1). It is likely that excessive 
expression and dense packing of membrane-bound SERCA 
molecules (Figure 3) damage the structural integrity of 
intracellular membranes. The consequent perturbation of 
membrane structure and fimction interferes then with intra- 
cellular calcium homeostasis. It is noteworthy that toxic 
effects are also observed with EGFP virus or empty virus if 
titers significantly higher are used. 

Another collateral effect of viral infection is the increase in 
cell size and total protein synthesis observed under conditions 
of limited exposure to calf serum. This effect is in some cases 
of magnitude comparable to that of PHE hypertrophy but 
does not involve reversal to the fetal transcription pattern. 
The growth stimulus is evidently attributable to serum growth 
factors and is likely related to facilitated access from the 
mediimi to the cytosol in the infected myocytes. No effect of 
infection on growth is observed in the absence of serum, and 
maximal growth is observed mdependent of infection when 
the myocytes are continually exposed to serum. Awareness of 



this effect is likely to be helpful in studies of viral vectors and 
exogenous gene expression. 

The optimal level of exogenous SERCA expression is 
clearly the viral titer that produces minimal toxic effects 
while achieving the desired functional response. This limit is 
2 to 4 pfu/cell in neonatal rat cardiac myocytes expressing 
exogenous SERCA gene under control of the CMV promoter. 
This titer yields a 3 -fold increase in SERCA activity and a 
pronoimced kinetic effect on the cytosolic Ca^"*^ transients 
attributable to faster Ca^"*^ uptake by the sarcoplasmic reticu- 
lum. At higher viral titers, we observed no additional accel- 
eration of Ca^"^ transients but apoptotic death of a significant 
number of myocytes. It should be noted that we used the 
SERCAl rather than the SERCA2 isoform, because SERCAl 
has a higher turnover and can influence calcium transients 
with lower (and less toxic) levels of expression compared 
with SERCA2J* 

An interesting alternative to our experiments of expression 
under control of the strong CMV promoter is the use of 
weaker promoters. We found that in this case, a higher viral 
titer is required to obtain SERCA expression levels that are 
effective on calcium transients. Consequently, no significant 
improvement in cytotoxicity is realized. Additional studies 
with promoters that may have the advantage of cell specific- 
ity as well as suitable strength are being conducted in our 
laboratory. 

It is of interest that myocytes rendered hypertrophic by 
treatment with PHE increase their production of endogenous 
SERCA2a in proportion to total protein and retain unchanged 
Ca^* transients. On the other hand, they react to adenovirus 
infection with faster expression of exogenous gene. Thereby, 
expression of exogenous SERCA and acceleration of Ca^* 
transients, as well as cytotoxicity, are obtained at lower viral 
titers. 

In conclusion, attempts to influence Ca^* homeostasis by 
exogenous SERCA gene expression require careful control of 
protein expression levels and characterization of associated 
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cell funcdonis. Failure to optimize conditions for adenovirus 
vector delivery iand define collateral effects in various cell 
types is likely to create unwanted interference with progress 
in the experimental, and possibly therapeutic, use of this 
procedure. 
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Improvement in Survival and Cardiac Metabolism After 
Gene Transfer of Sarcoplasmic Reticulum Ca^'^-ATPase in a 

Rat Model of Heart Failure 

Federica del Monte, MD, PhD; Eric Williams, BS; Djcmal Lebeche, PhD; Ulrich Schmidt, MD, PhD; 
Anthony Roscnzweig, MD; Judifli K. Gwathmey, VMD, PhD; 
E. Douglas LewandbwskL, PhD; Roger L Hajjar, MD 

Background— In heart failure, sarcoplasmic reticulum (SR) Ca=*-ATPase (SERCA2a) activity is decreased, rtsuidng in 
abnormal calcium handling and contractile dysfunction. We have previously shown diat increasing SERCA2a 
expression by gene transfer improves ventricular funcuon in a rat model of heart failure created by ascending aortic 
constncbon. 

Methods and Results— In this study, we tested the effects of gene iransfer of SERCA2a on survival, left ventricular (LV) 
volumes, and raetabolisco. By 26 to 27 weeks after aortic banding, aU animals developed heart Mlure /as documented 
by >25% decrease In fractional shortening) and were landomized to receive either an adenovims carrying the SERCA2a 
gene (Ad.SBRCA2a) or control vims (Ad.j3gai-GFP) by use of a catheter-based technique, Sham-opciated rats, 
uninfected or infected with either Ad-jSgal-GFF or Ad.SERCA2a, served as conlrok. Four weeks after gene transfer, 
survival in rats with heart failure treated with Ad.pgal-OFP was 9%, compared with 63% in rals receiving 
Ad.SERCA2a. LV volumes were significandy increased in heart Mure (P.64±0.05 versus 0.35 ±0.03 mL, /><0.02), 
Overexpression of SERCA2a normalized LV volumes (0.46±0-07 mt) in the failing hearts. ^^P NMR analysis showed 
a reduced rado of phosphocreatine to ATP coniem in failing-l-Ad.pgal-GFP compared with sham+Ad-Pgal-GFP 
{O.S2±0.13 versus 138±0-14, P<0.01). Overexpiesslon of SERCA2a in faiUng hearts Improved the phosphocreatine/ 
ATP rano (1^±0.28), 

Conclusions — In this study, we show that unlike inotropic agents that improve contractile function at die expense of 
increased mortality and worsening metabolism, gene transfer of SERCAZa improves survival and the energy potential 
in failing hearts. (Circulation. 2001;104:1424-1429.) 

Key Words: gene therapy m herut Mure ■ calcium ■ excitation ■ contractility 



In cardiac muscle, both contraction and relaxation are 
intimately dependent on the function of the sarcoplasmic 
reticulum (SR) Ca-*ATPasc (SERCA2a) pump, which is 
regulated by phospholamban. In congestive heart failure, 
deficiency in SERCA2a results in abnormal calcium handling 
and diminished contraction.^- In addidon, a decrease in 
phosphorylation of phosphoUoiban has been reported in 
failing hearts, along with an increase in the phosphaJamt>an/ 
SERCA2a ratio, contributing lo the contractile dysfunction in 
heart failure.^'* These results are consistent with the. model 
thai A decrease in S£RCA2a levels alters intracellular calcium 
homeostasis and conulbutes to contractile dysfunction in 
failing heartSu 

Recently, we showed that restoration of SERCA^a to . 
coniTOl levels irk isolated &iling human mLrdiq myocytes 



Improved contraction and relaxation by conecting calcium 
handling.* Funbermore, in an animal model of heart £ulure, 
adenoviral gene transfer of SERCA^ imprnved contractilt 
function In vivo, denK>nsuating the importance of SERCA2a 
as a therapeutic targec' Pharmacological agents that increase 
contractility, however^ have been shown to worsen survival in 
patients with heart failure and to increase the energetic 
demand.^ The heart requires a continuous supply of energy in 
the fonri of ATP by mosdy oxidative metabolism* with the 
major energy reserve molecule represented by phosphocre- 
atine (PO)l"-» In the normal heart, altiiou^ the majority of 
the energy consumption is due to cxoss-bridgc cycling, 
relaxation requires an energy expenditure of 15% to remove 
Ca^* from die cytoplasm. This Irigh level of energy required 
by SERCA2a reaction is directly related to rtie magnitude of 
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the Ca-* gradient across the SR.' Failing hearts have a 
reduced PCr/AT? ratio, so less cncfgy reserve is available for 
the cellidar processes. 

In this study, wc tested the hypothesis that unlike cuaently 
used pharmacological agents that increase inoliOpy, reconsti- 
lution of noraial levek of SERCA2a by adenoviral gene 
transfer would improve contractile performance as well as 
survival in aordc-banded rats thai have developed heart 
failure without adversely affecting energetics. 

Methods 

Construction of Recombinant Adenovirnses 
To consmict the adenovinis conlainiiig SERCAlfl cDNA, we used 
ebd method described by He et al,*** whcfcby the badcbone vector, 
coniamiftg most of the adenoviral genome CpAd.EASY 1), is used and 
the recombination b performed in S^erichia cplL SERCA2a 
cDNA subcIon«5d into the adenoviral shuttle vecror 
{pAd-TRACFQ. v^hlch uses ibe (^tomcgalovinis (CMV) Jong tcnni- 
oal repeat ss a promoter. The shuttle vector used also bas a 
concomitant green nuoresccni protein (GFP) under the control of » 
sepsrotc CMV promoter. An adenovirus comaining both 
0-galactosirfaSe and GFP coatrolled by separate CMV promoters 
(Ad,pgol-CFP) was used as control. The adenoviruses were props- 
gated in 293 ceils. The tileis of stocks used for these sMieii 
measured by plaque assays weie 3x lO*' pfij/mL for Ad.^gBl-Gn* 
and l.SXtO" pfu/mL for Ad-SERCA2ji, with partide/jpfu ratios of 
3:1 and 18:1. respcctivdy. These rccombiaanr «denDvinises vftte 
tested for the atwcncc of wUd-cype virus by polymerase chain 
reaction of the early transcriptional unit EL 

Expedmcntal Ptotocol 

Four-week-old Sprague-Oawley rats (Charles River, Moss; 70 lo 
BO g) were anesthetized with peeiobaibitol (65 mg/kg JPJ and plJiced 
on a ventDator. Asuprostcrnal incision was made, exposlTig the acnic 
root, and a tanialom dip with an ID of 0J8 mm (V/cck, Inc) was 
placed oil the asccndiiig aorta. Animals in the sham group ondtsrwent 
a similar proccdore without insertion of a dip. The supraclavicular 
incision was ihen closed, and the rats were transferred back to their 
cages. The supraclavicular approach was performed because during 
gene delivery, a thoracotomy is necessary, and if die thorax is not 
opened during the initial aortic banding, adhesions are avoided when 
gene delivery is perfonncd- 

Thc animals were iniiblly divided into 2 groups: 1 group of 45 
animals with aortic banding and a second group of 42 anhnals that 
wens sham-operated. Three animals in the aortic handing grtxip did 
not SDTvrve the initial operation, and 2 animals in the sbam-operated 
group did not survive. In ttn agrtic-banded animals, we waited 26 to 
28 wcob for ihis animats to develop left ventrkular (LV) dilatation 
before curdiac^ae transfer, la tha last group ss wetl as in the 
shuTMsperated groups 14 animats did not undergo ^ne transfer and 
were followed longitudinaKy. The rest of the animals underwent 
adenoviral gene transfer with erther AdJ5£RCA2a or Ad.^gaJ<OFP. 

^^P NMR Measurements 

Hearts were rcirogr^dety perfused from a lOD-cm hydro&iatic perfu- 
sion cotumn with modified Krcbs-Henselcit bufTcr (mmol/L: NaQ 
.1 16, KQ 4. CaQj 1-5, M^Oj 1,2, NaHiPO* 1.2, and NaHCO, 25, 
equUibrolcd with 95% CO; at J7*C) that contained 5 mmol/L 
glucose fn a 2-L reservoir. Hearts beat spontaneously, coniiacting 
against a fluid-511ed imravcntrlcular balloon cormected ro a pressure 
tmnsducer and inflated to an cnd-diastolic prcssun; of 5 nun Hg, A 
. 10- to 15-mL volume of coronary efnucnt bathed the hean. A stable 
energetic state in lat hearts was confirmed from ^'P NMR signals of 
PCr. ATP, and inorganic phosphate (P^) as previously described.** 
NMR data were colleaed on a Bmker 400'MHz spectrometer 
imerRtcecl to a 9.4-T, verticaf4>ore, supcrconduding tnagnet. ^P 
spectra were obuined from isalnied hearts perfissed within a broad- 
band. 20-mra NMR probe (Bruker Instrumems^ "P NMft spectra 



were acquired in 128 scans with a 161-MHz, 45" exciution pulse, a 
l.&-5ccoad repetition lime, 35 ppm sweep width, and SOOO data 
pcincs. Peak assignments were rcfetcnced so the well-established 
resonance signal of PCr at 0 ppm, wich Idcndfication and assignment 
of the a-, and y-phosphaie signals of ATP. Signal intensity waj 
determined by NMR-dedicated data analysis. 

Serial Echocardiographic Assessment 
After 18 weeks of banding, serial echocardiognurq» were performed 
vveekly in lightly anesthetized animals (pentot>art)ital (U) mgAcg IP). 
Transthoracic M-mode and 2D echocardiography was performed 
wUfa a Hewlett-Packard Sonos 5500 imaging systetn with a 12-MHz 
broadband transducer. A niid-papQlacy level LV short-axis view was 
used, and rocasot^menis of posterior wall thickness. LV diastolic 
dimension, and fr^dional sbortening were collected. Gene transfer 
was performed In all animah within 3 days of dcledion of a drop m 
fractional shortening of >25% compared with the fractional shott* 
enhig at 1$ weeks after banding. In the sham-opcratcd rats, gene 
dclivcty was performed at 27 weeks. 

Adenoviral DeUvery Protocol 

The group of animals subjected to aortic banding were further 
subdivided Into 3 additional groups of 16, 12, and 14 receiving 
Ad.SERCA2a, Ad.pgal-GFP, or no adenovirus, respectively. The 
groap of sham-operaied aniraals was also subdivided Into 3 groups of 
14, 12, and 14 icceivuig Ad-SERCA^a, Ad.pgal-GFP, or no adcao- 
vims. The adcnovirai delivery system has been described previously 
by our group in delaiL"-*^ Briefly, after the racs had been anesihe- 
lized and a thoracotomy performed, a 22-gauge catheter containiog 
200 mL of adenoviral solution (lO*® pfu) was advanced from die 
apex of die LV to the aortic root The aona and main pulmonary 
artery wen: clamped for 20 seconds distal to the site of Ihe catheter, 
and the soludon was injected; then die chest was dosed and Ux 
animals were allowed lo recover. 

Measuremeafts of LV Volume and Elastance 
Rais in Ihe different treatment groups were ancstbelited with 65 
tng/kg of pentobarbital and mechanically vcnnlaccd. A 1.4F high- 
fidcUiy pressure transducer (MiHar Instruments) was hnroduced Into 
the LV. Fdur 0.7-mm piezoelectric crystals were placed over the 
surface of die LV along the short axis of the ventricle at the level of 
the mitral valve and at the apex of the LV to measure the intcrciysiBl 
distances. The LV vohmte was derived by use of a mathematical 
model using Cardlosoft (Sonomeirics Co). LV pressure-volume 
loops were geittrated under dtOercnt loadiog condllions by damt^ng 
of the Infcnor vena <ava. Tbe end-systolic pressure-volume relation- 
ship was obtained by producing a series of pressure-volume loops 
and cozmccting the upper left comets of the individual pressure- 
voltune loops to generate die maximal slope. 

Western Blot Analysis and S£RCA2a Activity 
The prcparaiiott of lysatcs was described earlier. Briefly, lys^tcs 
wero prepared at 4*C In o lysis buffer contaiolng (In mmoIA') NsQ 
l50i. MgOi t, and CaCli U plus detergents and proteinase inhibltprs 
7.4). The fissue was homogenized aad spun at 1400 rpm 
(SorvaiO for 30 minutes. The supcmahmt was then filtered through 
4 laycts of gauze and cenirlfuied at 15 (M)0 rpm for 60 mloutcs 
(Bcckman)* SD$-PACE was perfbrmcd on the supernatant under 
reductais condfftons on 7.596 scparoilon gds wtdi a 4% stackiftg gel 
in a Miniprolcan U cell (Biorad)! For Immuocicactioo, the blots were 
incubated wldi 1;2500 dihned monoclonal antibodies lo S£RCA2a 
(MA3*9t9; AfTinhy BioRcagemsX phosphotamban (Upstaui Bio* 
technology), or 1:1000 diluted and-calsequesirin (MA3-013; ARln- 
icy Blorcagenis) for 90 minutes at room temperature. 

Crude membranes were prepared as described by Schwinger et aP 
at 4"C in a buffer containing (In mtnoVL) sucmse 500, PMSF I, and 
PIPES 20, pH 7.4. The tissue was homogenhfcd and spun at SOOO 
rpm (Beckman J A 20) for 20 minuies. The supernatant was then 
filtered ihiough 4 hiycrs of *aure and dbncrifuged U 35 000 rpm for 
60 mhiutcs (Sorvalli TIm pellet was resuspemled In a 10% sucrose 
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Figtne 1, Survival-function curv^ of B dtferant groups atLtcfi<id: 
sham, n=14; shafn+Ad.pgaK5FP, n=12; 3ham+Ad.SERCA2a, 
n=14; faHrng, n=U; fening-f-Ad.^gaI-GFP. n=12; 
failing+SERCA2a. n«-16. 

buffer courafRlng (in mmot/L) KCl 400, MgO. OJJ, CaO^ 0_5, 
EGTA OJ, and FlPfiS 25. pH 7,0. SERCA2a activiiy assays wcrt 
carried our on die basis of a pyiuvate/NADH coupled -icsction 
previously described, i-'j*'* Ca'*-ATPase acdvi^f was calculated ss 
&absofbaDce/(6JZ2Xpro[einxtime) in nmol ATP/(nig proCElnXmln). 

Stadstics 

AJl values are presented as ntean^SD. A 2-tacxat ANOVA was 
performed to compare the dif rerenl bcmod/namic parameters an>on£ 
chtf different groups. For the ccbDcardtosiaphy data, when the 
variables wm examined al various interval^ ANOVA Widl repealed 
measuTcfi was pcrfi^rmcd. Comparison of Survival m the differeaf 
groups of animals wo^ anidyz^d by ^ log-rank tesi widl the 
iGipUn-Mcier fDcthod. Suiisticol stsniHcance was. accepted at cfad 
level of ;><0.05. 

Results 

Survival 

Figure 1 shows the survival curve for the 6 diSerent groups 
studied. The sham-operated animals did not show any prc- 
i^ure mOTtaliiy. The sham-<»percued animals thai were 
infected wiih eiihet Ad.JSgal-GFP or Ad-SERCA2a had eariy 
mortalities related to the surgical intervemioTv but then the 
Survival curves leveled off for bolh sham+AdPeal-GFP and 
sham+AdSERCAla. In the failing group, Ihi noninfeacd 
ainmals bad a survival curve chat decreased steadily, and at 4 
weeks the survival rate was only 18% (P<0.0005 compared 
with. sham). In the £ailing+Ad.0gal-GFip group, the survival 
curve also decreased, and at 4 week$ the suiviyal rate wa$ 
only 9% (F<0,QQI compared with sham+Ajifeal-OFP). In 
the &iling+ Ad^£RCA2a group, however, the survival ctnvc 



was slsniHcantly improved compared with failing+ 
Ad.SBRCA2a (i><0.001 compared wiih failing + 
Ad-^gal-CF?). 

Characteiization of Animab 

After 18 weeks of aortic banding, the animals showed 
echocardxographic signs of LV bypeitrophy, including ao 
increase in wall thickness (both posterior and septal), an 
increase in posterior wall thickness, a decrease in LV dimen- 
sions, and an increase in &actional shonenlng, as shown In 
Tabic 1- After 26 to 27 weeks of banding, these aoimals had 
nnifbrmiy (1) small pericardial effusions, (2) pleural effu- 
sions, (3) an increase In lung weight, (4) ascites, and (5) 
dyspnea at rest, ail indicative sl^ns of severe heart failure. 
Echocardiographically, LV end-diastolic dimensions in- 
creased and fractional shortening decreased. 

Cardiac Gene Transfer and SERCA2a Expression 
Frotein levels of SHRCA2a were decreased in failing com- 
pared with shmn LVs, as shown in Figure 2A. Adenoviral 
gene transfer of SERCA2a in failiflg hearrs increased 
SERCA2a protein expression, restoring it to levels observed 
in the nott£ailing beans. Calsequesirin did not change among 
the different groups, nor did phospholnmban. As shown In 
Figure tabulated ratios of S£RCA2a to phospholnmban 
and SERCA2a to calseqvescrin reveal a significant decrease 
in failing hearts and a restoradon to control levels with gene 
transfer of SERCA2a. 

SERCA2a Activity 

We measured SERCA2a aaivity ar a caldum concentration 
of 10 mrool/L in the (1) sham+Ad.Pgal-GFP, (2) 
falline+Ad.pgal-GFF, and (3) fafling+Ad.SERCA^a 
groups. There was a decrease in maxiiDal ATPase activity in 
the failing group (27.4£4.9 versus 62J2±122 nmol • mg"' • 
min"'). Gene transfer of SERCA2a restored ATPase activity 
back to normal levels in the farting group 4 weeks after gene 
transfer (61.0±8.5 nmol - mg"' • rain"*). 

NMR Spectroscopy 

Representative ^'F NMR spectra obtained fipom 3 groups of 
rars: (1) sham+ Ad.^gal-<iFP, (2) £uling+ Ad.j5gal-GFP, and 
(3) feiling-l-Ad.SERCA2a, are shown in Figure 3A. These 
spectra show that the rados of total amounts of PCr to ATP 
are lower in the failing heart than the sham heart. The 
iniegmlcd area for Pi was also increased in ihe filing heart 



TABLE 1. Echocardio^aphio Ueaaums hi Rats After Stem Surgeiy or 
Aortic Banding 

Septum, mm PW, n«n ivgrn, own lvesd, mm fs, % 

Sham 149=1.1 13^x1.0 66.8t:3^ 40.4xta 40.(l3:6J 

Aorfic banding 2ni±aLS* ia8±2.et 615^:^4^ 34.0±6« 4a0±8^"t§ 

Aortic banding lflja:^at 18^=2.3t 69,5±6.3§ 45.1±6.ftf 36.0±10.4§ 
(Z7 weefcs) 

inAf Incficaifts piBterior waO thidGiess duTvtg 
lY diameter at end ^stole; aod F5, (Pactional shortening. 
'MJQOOS vs Boift; bamSr^ (Z7 WedtS}. 
t/vcaooa, ^ojoOS, S^^cOOS vs dianu 
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Fl^um 2. A, Immunobtota of SERCASa, pho^pholamban, and 
catsequBGtrin tiXHTi crude membranes of LVs from eham rats * 
bfected with Ad.09at-GFP, faOlna rat hearts infected with 
Ad.jSgal-GFP, and failing rats infactad with Ad^ERCA2a^ B. Ret- 
athm pratoin levels of SEHCASa normalized tp «ther phofipho- 
lamban or oalsequeotrm (n-*6 in aO groups). ^<0.05 V9 
sham+Ad-^gaKSFP. 



The overaxpression of S£RCA2a in failiag heart restored and 
lionnalhed the content of both PCr.and ATP (Figure 3B). 
InEeresdngly, we found thai overexpression of S£RCA2a Va 
sham-openiied animals induces a reduction in PCr/ATP nitio. 

Effects of SERCAla Overexpression on 
Pressnrc-Yohinie Relationship 

PressuTc-voIumc analysis was per fortoed in a subset of 
animals. LV volumes were significantly increased in th(» 
foiling rats (0.64-±0.05 vcr^ius 0.35=0-03 mL, /*<0.02) and 
were decreased after SERCA2a gene transfer (0.46±0.07 
mL). The slope of the end-^ystoUc pressure-volume relation- 
ship (Figure 4) was lower \n failing hearts infected wiih 
Ad,P£al-CFP (n=^5) than in sham (n«»6), indicating a dimitl- 
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Rgure 3. A Representative *'P-NMB ^^actra of sham+Ad.pgal- 
GFP, feinng+Ad.^ai'GFP, and f^rng+Ad.SeRCA2fl hearts. 
Major rssoiiancas ^ assigned as Pb PCr, wi t, and 
/5-phoephate5 of ATP. Integrated peak trrterrsrties are pmpor- 
tional to metabolile content. B, Faffing spectrum Dlustratea that 
POr-to-ATP ratk) and PCr and ATP contents In faffing heart are 
lower than sham heart In spectrum of feiiing-t-AclSERCAaa 
heart. PCr-to-ATP ratio {& restored toward normal. 

ished state of Intrinsic myocardial comraaHity: 450±71 
versus 71S±83 mmH^mL (/*<0.02). Gene transfer of 
$BIlCA2a restored the slope of the end-systolic pressure- 
volume relationship to conuol levels (691±9I mm HgAnL, 




<k9 lU OS 

LVVolunia (mQ 

Bgura A. IV pmssum (LVP) vs LVvoluma detected t>y p<ezo- 
electric crystals In a fiham+ Ad.^gal-<3PP heart, a 
fanbg+AcijSgal-GFP heart, and a fBian0+Ad.SERCA2a heart. 
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TABL£ Z Wiarphotnetric Analyses 







P Shani-i-Ad.SERCA2a 


Fafling4-Ad.^-GFP 


Fa0ing+MSERCA2a 




3.72:0.3 


4.4±0^ 


4.4±0^' 


4.3+0.4^ 


HW/TLxiO*. g/him 


44wax4^ 


55.3i6^ 


S0J±4.4* 





HW kidtcalBS hsart vtf^ght; BW. body wofght; and TL, tibial length. 
-P<0.05 V3 ShanH-AiGFP. 



n=6, P<0.03 versus fofling+AiiPgal-GFP; P>OA versus 
sham+Ad.pgaJ-<}FP). 

Effect on MorphoIogfcaS Parameters 
M shown in Table 2, the filing hearts had a sigm^cant . 
increase ia heart weight when notmalized to either tibial 
length or body mass. Gene tninsf^r Of S£RCA2a in the ^ling 
heart cHd not have a si^ificanl cfFea on LV mass whether 
noimalizcd lo tibial length or body mass. 

Discussion 

In this scudy, we show that m an aiiimal model ofhean failure 
and contractile dysfunction, restoration of SHRCAZa expres- 
sion by cardiac gene traosCer in vivo improves not only 
contractile function but also sundval and cardiac energedcs. 

Abmormal SR Functfon and Cardiac Gene 
Transfer of SERCA2a 

Impaired SERCA2a activity is one of the main chaiacteristics 
associated with abnonnal colciiim handling in heart failure, 
A decrease in 5£RCA2a relative to phospholamban and a 
reduciion of phosphorylation of phospholainban contribute to 
die corm^actile dysfunction in human twari failure.^-^ More 
recently, the ratio of the Na/Qa exchanger to 5ERCA2a has 
been shown to be increased in failing hearts and to be 
predictive of (&istolic function m these hearts, i^ Gene transfer 
of S£RCA2a corrects both the S£RGA2a^ho5pholatnban 
ratio and the S£RCA2a/Na/Ca ratio and would contribiue to 
restoring both systolic and diastolicr function. 

In our study, we showed that S£RCA2a protein levels were 
restored to normal levels iQ the failing hearts and that this 
clicct was sustained for 19 to 4 weeks. This seemed some- 
what surprising, because ^st-generation adeno^ruses induce 
transient expression pcafdng at 7 to 10 days and disappearing 
alter 10 days. Endogenous lumoycr of S£RCA2a, however, 
is «14 to 15 days in young rats and longer in older rats," 
which would explain the sustained levels of S£RCA2a. 

SERCA2a SbtpressDon oM Cardiac Ea<ejrgetics 
Decreased energy reserve via the creadne kinase reacdon is a 
characterisOc finding in both human and experimental heart 
failure.*'-)^'" This decrease in energy reserve cDiuributc? to 
the developmeni of contractile dysfunction in heart railure-^" 
In addition, an increase in intracenular has been shown to 
reduce SR caidum loading and to depress caiduiQ-induced 
calcium release.^ Local ATP rcgencradon by the creatine 
kinase system is One mechanism tlie cell can use to improve 
Cz'*' uptake by the SR in conditions in which an excessive 
increase in cytoplasmic (Ca-^ may have deleterious effects. 
Rcccndy, Tian et ai^ showed thai pharmacologicni inhibition 
of croaiine kinase resulted in altered energetics and mducod 



abnormal Ca-* handling and contractfle dysfuncdon in the rat 
In our e}q7eTzinent$, restoring SERCA2a levels to nonnal 
induced an improvement in the ratio of PCr to ATP. 

TTie findings of improved cardiac energetics in heart failure 
was somewhat surprising, because an increase in contractility 
by S£RCA2a overexpression would be aniicqjated to in- 
crease ATP hydrolysis, thereby driving PCr down. Indeed, 
this increase hi ATP hydrolysis is consistent with our obser- 
vation of reduced PG^ATP in the group of sham-opcrated 
hearts that were overexpressing S£RCA2a. These results are 
aJso consistent with previous results showing that PCi/ATP 
was decreased in the phospholamban-dcfidcnt hearts relative 
to the wild-type hearts.-^ 

In heart &lure, however, elevated calcium levels would 
increase energy demand. To maintain low levels of diastolic 
Ca-"^, a high level of free energy released from ATF hydro- 
lysis (|AGp[) is necessary. To maintain the normal Ca'^ 
gradient ('^^lO OOO'fold between the cytosol and the SR)» the 
S£RCA2a reacdon requires a jAGp| of ^52 IcJ/mol. $5% to 
90% of it from ATP,' Therefore, of all the ATPase reacdons 
in cardiac myocytes, the S£RCA2a reaction is the most 
vulnerable to a decrease in |AGp|. 

Stirvival After Geno Transfer: 

In this model of heart failure, S£RCA2a ovcrcxpressiod 
improved parameters of Inotropy and normalized contractili: 
reserve. These efEccts translate into an inolropic intervendon. 
Other inotropic interventions, hoMrever, hare been shown 
clinically to increase mortality.^ There are, however, signif- 
icant differences between enhancing inotropy with pharma- 
cological agents that usually increase cAMP and gene trans- 
fer of S£RCA2a. Unlika agents that increase cAMP, thereby 
increasing intracellular Ca^**, resiorauoo of $8RCA2a levels 
decreases diastolic Ca^. Furdicrmore. it has been shown that 
sustained elevations of resting Ca^^ lead 10 acdvonon of 
seiine-threoidne phosphatases, including caldneurin, induc- 
ing hypertrophy and cell deaih.^ Therefore, a decreaso in 
diastolic Ca^*^ may in cfEect reduce the proapoptoiic and 
prohypertropby si^iallng. Hean failure Is associated with an 
Incr^^ iiKridence of veruiiculai airhyifamias, and triggered 
acdvity Is a probable mechanism of arrhydimogenesis in 
heart failure* The increase in intracellular calcium secondaiy 
to S£RCA2a downregulaiion increases die arrbythmogenic 
pocendal. frevendng an inaease in intracellular calcium by 
overexpression of SERCA2a prcvtuls the inducuon of trig- 
gered activity, Funheimore. iiiqyrovcmem in energedcs is 
another iaq»>nani finding in this smdy that may have a direct 
LnGuence on survivaL 

ConcfiuSDOns 

Our lesuJts demonstrate that restoring S£RCA2a expression 
can improve noi only systolic and diastolic peifOFmance In 
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failing hearts bui also Survival afld cardiac energetics. Fur- 
thermore, SERCA2a nonnalizaiion halt? the adverse remod- 
eling ttat occurs wirh congestive heart faflture. This study 
validates the feasibility of cardiac gene transfer in failing 
hearts as a therapeutic modality. 
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Intracardiac gene transfer and gene therapy have been 
investigated whh different vector systems. Here we used 
adeno-associated virus (AAV) vectors to deliver either a 
reporter gene or a therapeutic gene into the heart of golden 
Syrian hamsters. The method of gene delivery was direct 
infusion of the AA V2 vectors Into the coronary artery ex vivo 
In a heterotqplcalty transplanted heart. When an AA V2 vector 
carrying the Lac-Z gene driven by CMV promoter was 
delh/ered Into the heart of healthy hamsters, effective gene 
transfer was achieved in up to 90% of the cardlomyocytes. 
LaC'Z gene expression persisted for more than 1 year 
without Immune rejection or promoter shutoff. Furthermore, 
when an AAV2 vector carrying human 5-sarcogiycan gene 

Keywords: AAV vector; S-sarcogtycan; heart: Blo14.6 hamster 



was similarly delivered into the heart of Biol 4,6 Syrian 
hamster, a congestive heart failure and limb girdle muscular 
dystrophy animal model, widespread therapeutic ger^e 
transfer was achieved h a majority of the cardlomyocytes, 
Effldent expmsslon of the human d-sarcoglycan gene In the 
dystrophic hamster hearts restored the entire sarcogiycan 
complex that was missing due to the primary deficiency of 
S'sarcoglycan, Transgene expression persisted for 4 months 
(the duration of the study) without Immune rejection 
or promoter shutoff. These results Indicate that AAV is a 
promising vector system for cardiac gene therapy 
Gene Therapy (2003) 1 0, 1 807-1 81 3. doi:1 0. 1 038/ 
sl.gt.3302078 



Introduction 

Cardiovascular diseases are the leading cause of death in 
the developed countries. Other related ailments such as 
hereditary cardiomyopathies are also a common cause of 
morbidity and mortality. Gene therapy has been exten- 
sively studied as a novel strategy for heart diseases. 
Owing to the quiescent nature of cardiomycytes, the 
cbssic retrovirus vectors are not suitable for intracaidiac 
gene trar\sfer. On the other hand, adenovirus (Ad) 
vecte>rs and naked plasmid DNA have been successfully 
used to deliver genes into the heart tissue. Ad vectors 
could be delivered into the myocardium either by direct 
inbramyocardial injection' or through coronary circula- 
tion.^ However, a major limitation is the vector-related 
immune responses in inunimocompetent redpiente. In 
addition, it is extremely difficult to deliver Ad vectors 
through coronary circulation, because of the large viral 
particle size that hinders the virus from exiting the blood 
vessel and infecting cardlomyocytes, Direct injection of 
naked DNA into myocardium could achieve gene 
transfer but with very limited efficiency.^ Adeno-asso- 
ciated virus (AAV) vectors are based, on nonpathogenic 
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and replication-defective parvoviruses, which have small 
viral particle sizes (--22 nm in diameter).* AAV vectors 
have been widely used for effident gene delivery into a 
variety of tissues in vivo including brain,^ liver,*-^ lung,® 
miisde,''*" and eye."'" Currendy, AAV vectors are the 
most pronusing gene delivery system in musde tissues 
due to its effident, widespread and persistent gene 
transfer. Although extensive studies have been carried 
out using AAV vectors in skeletal musdes for both 
muscular dystrophies^^" and for metabolic diseases/**'^ 
few studies involved cardiac musdes. 

Umb girdle muscular dystrophies are a group of 
heterogeneous inherited neuromuscular diseases," The 
severe and early-onset phenotypes are usually caused by 
mutatioi\s in sarcogiycan (SG) genes a (LGMD 2D), p 
(LGMD 2E), Y (LGMD2C), and 5 (LGMD 2F). These small 
transmembrane proteins assodate in equal stoichiometry 
on musde cell membrane to form a heterotetramei; 
named SG complex.'* Recently sarcospan was also 
identified ais a member of the SG complex.^ Primary 
defidency of any single SG protein can result in partial or 
complete disappearance, of the SG complex on the 
sarcolemma, leading to muscular dystrophy and cardi- 
omyopaday. The cardiomyopathy Syrian hamster 
Biol 4.6^ was the first available LGMD 2F animal model, 
with a Lni^e deletion in its 5-sarcoglycan gene.^*^ The 
genedc mutation catises biochenucal defidency of the 
entire SG complex on both skeletal and cardiac muscle 
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cell membranes- In addition to skeletal muscle myo- 
pathy, the Biol4.6 hamsters also suffer from severe 
cardiomyopathy and congestive heart foilure, a primary 
cause of premature deatti. As a result of the resemblance 
to human patients^ the Biol4.6 hamster provides an 
excellent animal model of gene therapy for both skeletal 
and cardiac deficiencies. Successful gene therapy studies 
on skeletal muscle in Biol4.6 hamsters have been 
achieved using both Ad vector^ and AAV vectors 
carrying 5-sarcoglycan gene/* '^-^® which restored the 
missing sarcoglycan complex on the muscle cell mem- 
brane^ improved both muscle histopathology and myo- 
fiber membrane integrity and, more importantly, 
recovered the muscle contractile force defidts.^^ In 
addition, direct local injection of an AAV vector carrying 

5- sarcoglycan gene into the myocardium of Biol 4.6 
hamster has been recently reported.^ However^ AAV 
vector-mediated SG gene delivery through the coronary 
artery into the entire myocardium has not been reported. 

In this study, we have used AAV2 vectors carrying 
either a reporter Lac-Z gene or the 5-sarcoglycan gene 
into the myocardium of the hamsters in a heterotopic 
heart transplant model. Highly efficient and persistent 
transgene expression and biochemical restoration of the 

6- sarcogIycan and tlie SG complex in the hamster hearts 
have been accomplished. 



Results 

Widespread and persistent transgene expression in 
cardiomyocytes-sfter coronary deiivery ofMV-LacZ 
vector 

Cardiomyopathy in the Biol4.6 hamster is caused by the 
lack of 5-sarcoglycan in the cardiomyocytes. To correct 



the genetic deficiency, vindespread and persistent expres- 
sion of the therapeutic gene inhD a majority of die 
cardiomyocytes is desirable. Direct intramyocardium 
injection of the vectors apparently conid not render 
widespread gene transfer throu^out the heart To 
investigate whether highly efficient gene transfer can 
l>e achieved by the coronary circulation, we initially 
tested an AAV-Lac-Z reporter vector in a heterotopic 
heart transplantation model.^^ The reason to choose the 
ex vivo heart transplant method instead of the in situ 
heart gene transfer is mainly because of the technical 
difficulty of the latter method in small rodents. 

To test and compare the transduction efficiency of 
AAV2 and Ad5 vectors in hamster hearts/ healthy FIB 
hamster donor hearts were infused ex vivo through 
coronary circulation with 200 jil of AAV-CMV-Lac-Z or 
Ad-CMV-Lac2 virus (1 x 10'^ viral genomes, v.g.), and 
dien transplanted into the abdomen of recipients of the 
same strain. A 2 weeks after vector delivery^ X-gal 
stairung of the AAV vector-treated heart showed robust 
and widespread LacZ gene expression in a vast majority 
of the cardiomyocytes (Figure la), while the Ad vector- 
treated heart showed inefficient gene traiwfer with fev\^ 
LacZ-positive cardiomyocytes (Hgure lb). Cross-section- 
ing of the whole heart 1 year after AAV gene transfer 
revealed LacZ-positive myocytes in up to 90% of die 
heart tissue (Rgure Ic). A preference of gene transfer by 
the AAV2 vectors in peripheral areas over the central 
areas of the myocardium was occasionally observed 
(data not shown; Figure 3). This miglit be due to the 
differences in blood vessel densities in those muscles. No 
signs of immune cell infiltration and inunune rejection 
of AAV-LacZ-transduced myocytes were observed. 
These results demonsbBted that tlie AAV vector could 
be effectively delivered into the myocardiinn through 




Figttre 1 AAV vector-mediahd egjcicttl mtmcardwc (httramyocanUum) gene tamsfer throu^ corosmry dratlation in hntrtshr harts. Norrtud hamsier 
hearts ofPlB strain xvere inptsixi either tw/ft MV-CMV-LacZ tfeOor (tO or Ad-CMV-LacZ vector <bh mtd stained by X-gai and H&B on the ayo4hin- 
sectiom of the tmnspfantetl lienrts 2 nvcks after tfcdor infusion (photogmf^s were taken wth n x 20 tens). AAV-CMV-LncZ also confenvd lang-tenn, 
intrncartiincgetic expression for 1 year (eh while Ote control heart toithout ^ne transfer Stowed no X-gnl staining (d) (photographs of the whole-heari avss- 
section tocre taken mtti a x 4 lens and spliced together). The dystmpliic BioUjS hamster hearts were infused xuith AAV-CMV-SSG vector and 
imnmmpuorescenlly stained witti anti-^SG antibody and CyS^bcicd secxntdary antibody ic) at 4 montlts after vector infusion (photogmph c/ Ute xMe- 
heart cross-section toas taken with /i x 2 tens). The untreated Blol4.6 hmrt ^owed m fbtorescetU staining (ft (pitotograph xvas UAen mth n x 20 tens). 
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coronary artery circulation. The AAV particles were 
small enough to exit the capillary blood vessel without 
additional hydrostatic pressure. 

Efficient AAV-d-sarcogfycan gene transfer in 
cardiomyocytes and restoration of sarcogiycan 
complex 

Having succeeded in normal hamster heart with a 
reporter gene, we next investigated whether the ther- 
apeutic gene S-sarcoglycan could also be cffidendy 
transduced into the hearts of the diseased Biol4.6 
hamsters by AAV2. In a similar manner, hearts isolated 
from Biol 4.6 hamster donors were infused ex vivo via 
coronary circulation with 200 ^1 of AAV-5-sarcoglycan 
(1 X 10" viral genomes, v.g.) and then transplanted into 
the abdomen of Biol4,6 hamster recipients. As the 
average lifespan of the Biol4.6 hannsters vsras reportedly 
5 months,^ the AAV vector-treated and heterotopically 
transplanted hearts were examined for transgene expres- 
sion at 4 months after gene transfer (5 months of age). 
Inununofluorescent staining was performed on the cross- 
sections of the vector-transduced hearts with a mono- 
clonal antibody specific to hunum 5-sarcoglycan, wliich 
was the AAV transgene product in this study. The results 
showed extensive gene expression in a majority of the 
cardiomyocytes in the entire heart (Figure le). Similar to 
our previous studies in die skeletal muscles/*'" AAV-6- 
sarcoglycan gene transfer resulted in overexpression of 
the protein in some of the myocytes, and revealed 
cytoplasmic staining as well as membrane staining of the 
protein (Hgure 2d and d'). However, overexpression of 
tlie 5-sarcoglycan did not interfere with the restoration of 
tl;e other three SG components (a-, and y-sarcogly- 
cans) onto the plasma membrane of the cardiomyocytes 



(Figure 2a-c). No cytoplasmic staining of a-, p-, and 
y-sarcoglycans in AAV vector-bransduced myocytes was 
observed, which is again consistent with the results 
obtained in skeletal muscle gene transfer.'*''*' Thus, 
expression of 5-sarcoglycan in the Biol 4.6 hamster hearts 
effectively restored the missing SG complex. 

Protection of cardlomyofiber plasma membrane 
integrity 

The restoration of the SG complex should also render a 
protective effect on the cardibmyocyte cell mettibrane 
integrity and prevent membrane leakage. To examine the 
protective effect, Evans blue dye (a low molecular weight 
dye with red fluorescence) was injected into the Biol 4.6 
hamsters treated with AAV-6-sarcoglycait Examination 
of the cardiac muscle showed exclusion of Evans blue 
dye in the sarcoglycan-positive heart tissue (Figure 3, left 
half, p-sarcoglycan staining on the cell membrane) £md 
leakage into 3ie myocytes in the areas without AAV gene 
transfer (Hgure 3, right half, red fluorescence of Evans 
blue dye in the cytoplasm of leaking cardiomyocytes), 
indicating a protective effect on plasma membrane 
integrity by the SG gene therapy. 

Inefficient transgene expression in blood vessels 
Since the AAV vectors were delivered into the myocar- 
dium through coronary circulation and robust transgene 
expression was observed in cardiomyocytes, we wished 
to examine whether the blood vessels were also 
transduced. Cross-sections of hearts transduced by the 
AAV-LacZ vector were analyzed for transgene expres- 
sion in the blood vessels, which were surrounded by 
higlily transduced cardiomyocytes to assure that those 
blood vessels also had been exposed to the AAV vectors. 
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Figim 2 Restoration of the missing SG protein compfex on titc cdi metnbmne of cardianyocytes after AAV<MVSSG nector infttsm in BioU,6 hamster 
hearts, Imnnatofiuorescent staining ofUie ayo-itiin-sectioas witti attti-^SC antitfodifsJiawed wktcsprend fiSG g^ expression id and ) and restomtion 
of the other Hute sartoslycans, a-SC (a and of), fi-SG <b and tfl and ySG <c aitd tfh Note the over^pression andacatmidation of ^SG intite q/topiasm 
of a number of myocytes id nnd^df, arrofajsl Pitofograplts of ponds <Hd xoerc takat imth a x 4 tats, vihife ponds a'-(f were the enlargement of the 
hi^iligl'^^ flnatrs of panels ff-rf to shoto nmnbrane sbtining ofttteSC protons. 
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Figure 3 Protection of myocyte membmuc integrity by AAV-CMV-^SG sf^ne tmmfer. Vie hamster toos injected mtmvcnousty vntb Earns blue dye to 
examine the myocyte plasma mentbmnc integrity. Cryo-thin-section of vector-trailed heart was immunonuorescently stained with anH-fi-SG antibody, 
Stowing the restoration of Ute SG complex on the cell membrane (left portion of the photograplt, taken with a x 4 lens) and prevention of dye leakage into 
those cells. By contmst, the areas xoithout gene trmtsfer and negative for /J-SG staining (right portion of the photogmph) had nutnenms myocytes leaked and 
mied with Evans blue dye (it Itas strong red fluorescence) in the entire cytoplasm, as highlighted by arrows, Notr. As S-SG showed some cytoplasm 
accwmilation (see Figure 2h the miti-fi-SG antibody xvas mstead used to assure that the red cytoplasm fluorescence was a result of Evans blue dye leakage. 



Surprisingly, no X-gal staining could be observed in 
blood vessels of various sizes in the AAV-LacZ-treated 
hamster hearts, although their neighboring myocytes 
were all highly transduced and showed strong X-gal 
staining (Figure 4a and b). These results suggested that 
AAV-2 vectors were inefficient in delivering transgene 
expression in cardiac blood vessels. 



Discussion 

Previously/ efficient gene transfer and therapeutic bene- 
fits have been demonsbrated in the skeletal muscles of 
the dystrophic Biol4.6 hamsters after gene therapy with 
the AAV-o-sarcoglycan vectorsJ^-^^" In this study, we 
showed that coronary infusion of AAV vectors into the 
hearts Is an efficient mediod of gene transfer into the 
myocardiiun. Widespread and sustained transgene ex- 
pression in the h^rts of both healthy and dysfrophEc 
hamsters was. accomplished. AAV-5-sarcpglycan gene 
transfer also restored the entire missing SG complex, 
whose deficiency is the primary cause of the cardiomyo- 
pathy and congestive heart failure in die Biol4.6 
hamsters as well as in some sarcoglycanopathy patients. 

Intracardiac gene transfer has been one of the major 
emphases in die field of gene therapy. Both Ad vectors 
and naked plasmid DNA vectors have been extensively 
studied for intracardiac gene transfer. These vectors have 
also been used in clinical trials of cardiovascular diseases 
to deliver therapeutic genes that promote local angio- 
gafiesis in the ischemic heart tissucs.^^ For that purpose. 



limited local gene transfer may be sufficient to render 
therapeutic effects. However, for hereditary cardiomyo- 
patliles and other heart conditions where extensive gene 
transfer is required, adenoviral and nonviral vectors 
would face formidable hurdles to achieve widespread 
transgene expression. When delivered through blood 
circulation, bodi Ad vectors and naked plasmid DNA 
were not only hindered by their size constraint in exiting 
the capillary blood vessels, but also limited by ^ 
extracdlular matrix barrier*^ and the lack of receptors 
for naked DNA on (he cardiomyocytes. Recendy, Ad 
vectors carrying Lac-Z reporter gene and 5-sarcoglycan 
gene were delivered into die heart of normal and Biol4.6 
hamster hearts after transient aordc ocdusiort* lb 
achieve efficient intracardiac gene transfer, both hy- 
pothermia and cardioplegia were also required In 
addidon, the use of histamine in the coronary drculation 
for several minutes before Ad delivery was essential to 
achieve sufficient blood vessel fenestration and leakage 
to allow the Ad to enter die extravascular space.' 

By conhrast^ AAV vectors have much smaller partide 
sizes (^22 nm in diameter) than the Ad ('^100 nm in 
diameter including fibers). As a result^ AAV vectors can 
bypass die blood vessel pores and extracellular matrix 
with less difficulty. In fact the vectors have been 
investigated for intracardiac gene transfer by means dF 
bodi coronary circulation and direct intramyocardium 
injectioru An early study in pig hearts with an AAV-LacZ 
vector delivered by a cadieter into a branch of die 
coronary artery achieved transgene expression in large 
numbers but only a small overall percentage of cardio- 
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Figitre 4 Inef^ent gene transfentnd tnmsgaie expression in blood vessels. Thin sections of AAV-CMV-htcZ vedor-treated hearts were stnined wUh X- 
gttl and H&B. AWtough the sitrwuttdvig cardiomyocytes were efficiently tmitsduced by the AAV vector mtd shmoed stn3ng X-gnl staining of blue color, ffte 
Ijtood vessels of either large size (a) or stnall size (b) however shmoed no detectable LncZ gate expression. 



mycytes,^ probably due to insufficient vector doses- 
Direct intramyocardium injection of AAV vectors also 
rendered efficient local gene transfer in hamster heart 
and therapeutic benefits in the TO-2 hamster,^ a 
derivative of the cardiomyopathy Biol 4.6 hamsters. In 
our study, AAV vectors were directly infused through 
the aorta into the coronary artery v^thout extra pressure 
and without the use of histamine or blood vessel dilating 
chemicals. Highly efficient and v\ridespread gene transfer 
in the whole heart indicated that AAV viral particles 
vrere small enough to exit the capillary blood vessels and 
infect the cardiomyocytes. Under die same ex vivo 
condition^ an adenovirus LacZ vector, however, failed 
to achieve significant gene transfer (Hgure lb). The use 
of histamine and papaperin was necessary for efficient 
gene transfer in the same cr vivo heart transplant model 
when an Ad vector was used.^« Given the smaller 
particle sizes, AAV vectors should fete less difficulties 
than die Ad vectors.^^ 

Owing to the technical difficulty for in sitti gene 
delivery into the hearts of small rodrats via coronary 
circulation, we employed the heterotopic heart trans- 
plant, a widely used model in the transplant field, to 
examine AAV-mediated gene transfer in the cardiomyo- 
pathic Biol4.6 hearts. Altiiough widespread 5-sarcogly- 
can gene transfier and restoration of the entire SG 
comi^ex were accomplished in the vector-treated hearts, 
it is difflcult to evaluate the physiological functions of 
such, a heart because the transplanted heart did not have 
normal blood circulation in the left ventricle. This makes 
echocardiograph and hemodynamics evaluations non- 
applicable. An improved transplant model should offer a 
solution to this problem.^ In addition, the lack of 
mechanical stress to tlie heart may also minimize tite 
contraction-induced danmge to the dystrophic heart 
muscle, resulting in less severe phenotypes. Nonetiieless, 
we still, observed the Evans blue dye leakage into the 
myocytes in the areas tiiat lacked 6-sarcoglycan gene 



transfer, and die protection of myocytes membrane 
integrity in the area tiiat showed 6-sarcoglycan gene 
transfer (Figure 3). As a result the hig^ percentage 
of therapeutic gene transfer in tlie cardiomyocytes, 
a recovoy in physiological functions would ahn<^ 
be certain if the heart were in its m situ position. 
This notion is supported by two previous studies, 
where either a direct injection of left ventricle muscle 
with an AAV-5-sarcoglycan vector^ or a coronary 
infusion with an Ad-6-sarcoglycan vector^ have achieved 
sigruficant physiological function recovery. The AAV 
vector treatment also slightiy prolonged the lifespan of 
the cardiomyopatiiic TO-2 hamsters even though ordy a 
portion of the left ventricle received gene transfer by 
a single local injection of the S^rcoglycan vector. To 
achieve dinical relevance, m sihr perfusion of the 
diseased heart has to be performed, which is technically 
difficult but feasible. 

Finally, it is also mteresting to note the lade 
of detectable transgene expression in the blood 
vessels of the AAV vector-heated heart, both witii the 
LacZ reporter geiie or -with tiie 5-sarcogJycan gene 
(data not shown), despite die extensive transgene 
expression in the surrounding myocytes. This phenom- 
enon may be a result of ineffident infection of blood 
vessel cells by AAY2-based vectors, which could be 
possibly limited by the lack of receptor* and corecep 
tors,^'^ impaired intracellular trafficking, and inabUity 
of viral DMA second-strgnd DMA syntiiesis. Alterna- 
tively, it may also be the result of promoter shutoff in 
tiiose cells. Given the implication . of blood vessel 
defidency in some sarcoglycanopathy-relaled heart fail- 
ure,*' it would be interesting to see v/heti\er extensive 
gene correction in the cardiomyocytes, ratiier than the 
cardiovasculature, would, render a coniplete or a partial 
therapeutic efficacy. A combinaHon of gene therapy and 
drug tiierap/*^ may be required to achieve maximal 
benefits. 
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Materials and methods 
Production of AAV vectors 

Construction of AAV vectors containing hunuin 5- 
sarcoglycan cDNA or P-galactosidase (Lac-Z) gene under 
the control of CMV promoter (AAV-CMV-SSG) has been 
previously described (Li). The recombinant viral vector 
stocks were produced by cotransfection methods as 
described by Xiao et al*^ The AAV viral vectors were 
purified twice through CsQ density gradient purification 
according to the previously published protocols.''** The 
vector titers of viral genome particle number were 
determined by DNA dot blot method,** and were in 
the range of 5 x 10" viral genome (v.g.) particles per ml. 
An adenovirus CMV-LacZ vector was made by the 
standard protocoP and the vector titer was 5 x 10" viral 
genome particles per ml. 

Coronary artery delivery of AAV and Ad vectors 
Healtiiy FIB and dystrophic Biol4,6 hamsters were 
purchased from Bio Breeders (Fitchburg, MA, USA) 
and handled in accordance with tlie institutional guide- 
lines of the University of Pittsburgh- Heterotopic heart 
transplantation was done on 1-2-month-old animals. The 
method for heterotopic heart transplantation was 
adapted from the rat procedure of Ono and Lindsey.^' 
All animals were anesthetized with tribromoethanol 
(Avertin'^^V 250 mg/kg Lp.). The heart was transplanted 
into the abdomen with end-to-side anastomosis of aorta 
to aorta and pulmonary artery to vena cava. For ex vivo 
intravascular vector injection into the donor heart after 
harvKt, cold AAV2-CMV-LacZ vector or AAV2-CMV- 
dSG (0.2 ml in OMEM media) or Ad5-CMV-LacZ (02 ml 
in PBS saline) was quickly infused into the aorta, which 
was clamped so that the vector solution would flow 
through the coronary circulation and irrigate the entire 
myocardium. No recirculation of the vector solution was 
performed. The heart was soaked in cold saline for 5- 
10 nun and then transplanted into the abdominal Cavity 
of the syngeneic recipients. The heart graft contraction 
was monitored weekly by palpation. AAV-CMV-LacZ 
gene expression was detected by X-gal staining, while 
AAV-CMV-dSG gene expression was detected by im- 
munofluorescent staining of the cryostat thin sections of 
the vector-treated hearts. To test the cardiomyocyte cell 
membrane integrity in vivo, Evans blue dye (lOmg/ml 
PBS) was injected intravenously into Biol4.6 hamsters at 
0.1 mg/g of body weight The aiUmals were kiDed 12 h 
after dye injectioiu Vector-treated hearts were collected 
and cryosectioned. Evans blue dye positive cardiomyo- 
cytes, which showed red fhiorescence in the qrtoplasm, 
were observed imder the fluorescent microscope with 
Rhodamine filters. 

fmmuno^uorescent staining 

Qyostat sectioning of the heart tissue was performed at 
5^ thickness with a Leica microtome. For Inununo- 
fluoresccnt staining," the unfbced muscle oryosections 
were immediately blocked in 10% horse serum and PBS 
at room temperature for 1 h. Monoclonal antibodies 
against a-, p-, y-, and 6-sarcoglycan SGs (Novocaba 
Laboratories) were diluted 1:100 in 10% horse serum/. 
PBS, and incubated with the cryosections few 2 h at room 
temperature. After three washes, the sections were 
incubated with Cy-3-labeled anti-mouse antibody at 



1 :500 dilution in 1 0% horse serum/PBS (Jackson Immuno 
Research Laboratories). After tiiree washes, the samples 
were mounted in Gelmount (Fisher). Photographs were 
taken with a Nikon fluorescent microscope equipped 
witi\ a digital camera. 
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Summary. During the past few years major conceptual and technical advances 
have been made towards the therapeutic modulation of cardiac gene expression for 
the treatment of cardiac diseases. Among these are 1) the identification of new 
nK)lecular therapy targets in cardiac disorders, often derived from genetic animal 
nwdels. 2) A better understanding of the molecular and cellular determinants of 
cardiac gene transfer in vivo, in animal models and in first clinical trials. 3) The 
development of novel regulatable and long-temn stable vector systems. This review 
is focused on nucleic add-based modulatfon of cardiac calcium homeostasis as a 
paradigm for the new gene therapeutic approaches, since recent landmari< papers 
have suggested this to be a nwlecular target of key importance in heart failure. In 
particular, the development of severe heart failure in the genetic MLP"'' animal model 
could be completely abolished by the targeted ablation of phospholamban (PL), a 
key regulator of cardiac caldum homeostasis. This impressive effect of permanent 
gemiline PL ablation provides— in conjunction with former important wort? on 
disturbed caldum handling in the failing human heart— a rationale for the gene 
therapeutic approach of ad hoc suppression of PL by anttsense strategies {antisense 
RNAs, ribozymes, RNA interference) or PL variants. Based on the broad spectrum of 
methods emptoyed to characterize this general strategy, PL-targeted approaches 
may be considered as a paradigm of future genetk: treatments of cardiac disorders. 
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although the differences between animal models and humans must be kept in mind. 
High safety of any such therapy will be a prerequisite for any possible clinical 
application and therefore novel methods to improve control are being devised: 1) The 
regulation of gene therapy vectors by biochemical abnormalities associated with the 
target disease itself (" Induction-by-Disease^^ gene therapy). 2) External control of 

vector activity by the employment of drug-sensitive promoters. In addition, the 
important goal of cardiac tong-term stability of the therapeutic vectors has recently 
been achieved In animal models using vectors derived from adeno-associated 
viruses (AAVs). 

Key words Antisense RNA - cardiac calcium homeostasis - gene therapy - heart 
failure - phospholamban - RNA interference - ribozymes 



Nucleinsaure-basierte Modulation der kardialen 
Genexpression zur Behandlung kardiaier 
Erkrankungen 

Zusammenfassung. In den letzten Jahren wurden wichtige 
konzeptionelle und technische Fortschritte erzielt auf dem Weg zur 
Iherapeutischen Modulation der kardialen Genexpression t>ei 
kardialen Erkrankungen. Zu diesen Fortschritten zShIt 1. Die 
Identifikation neuer therapeutischer Ziele bei der Herzinsuffizienz, oft 
anhand genetischer Tiermodelle. 2. Ein besseres Verstandnis der 
molekularen. und zellul^ren Determinanten kardialen Gentransfers in 
vivo, in Tiennodellen und in ersten klinischen Studien. 3. Die 
Entwicklung reguliert)arer und langzeitstabijer Vektorsysteme. DIese 
Obersicht fokussiert sich auf die Nukleinsaure-basierte Modulation 
der kardialen Calcium- Homoostase als ein Paradigma fur diese 
gentherapeutischen Ansatze, da jOngere bahnbrechende Arbeiten 
annehmen lassen, dass die Calcium-HomOostase ein Therapieziel 
von zentraler Bedeutung bei der Herzinsuffizienz darstellt. So konnte 
die Entwicklung einer schweren Herzinsuffizienz im genetischen MLP" 

Tiermodell vollstSndig blockiert werden durch die gezielte 
genetische Ausschaltung des Phosphoiambans (PL), eines zentralen 
Regulators der kardialen Calcium-Homoostase. Dieser eindrucksvolle 
Effekt einer penmanenten PL-Ausschaltung liefert— in Verbindung mit 
wichtigen fruheren Arbeiten uber Storungen der Calcium-Homdostase 
im insuffizienten menschfichen Herzen — erne ratk>nale Basis fCir den 
therapeutischen Ansatz einer ad ftoc-Suppression von PL mit Hilfe 
von anf/sense-Strategien (anf/sense-RNAs, Ribozyme. RNA- 
Interferenz) oder PL-Varianten. Wegen des sehr breiten Spektrums 
an Methoden, die zur Charakterisierung dieser Strategie eingesetzt 
worden sind, kdnnen PL-gerichtete Strategien als Paradigma fur 
zukQnftige genetische Therapien kardiaier Erkrankungen angesehen 
werden, trotz bekannter komplexer Unterschiede zwischen 
Tiermodellen und dem Menschen. Hohe Sicherheit jegficher solchen 
Therapie ist eine Voraussetzung fOr ihre mGgliche klinische 
Anwendung und neue Kontrollmethoden werden daher entwickelt: 1. 
R^ulation des Vektors durch blochemische Anomalien. die mit der 
Zielkrankheit selbst assoziiert sind {^^Inductionby- Diseases 

Gentherapie). 2. Exteme Kontrolle der Vektoraktivitat durch den 
Einsatz pharmakon- sensitiver Promotoren. Daruber hinaus konnte 
das wichtige Zie! kardiaier Langzeit-Stabilitat der therapeutischen 
Vektoren in jOngsterZeit tierexperimentell mit Vektoren auf der Basis 
von Adeno-assoziierten Viren en-eicht werden. 

SchlQsselwdrter Antisense-RNA - kardiale Calcium-Homoostase - 
Gentherapie - Herzinsuffizienz - Phospholamban - RNA-lnterferenz - 
Ribozyme 
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